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Carbothermic reduction of lead sulphate with soda ash 
(Na2C03) is a process in which lead sulphate is converted to 
lead metal, and sulphur is incorporated into a slag which is 
formed —  thereby minimizing sulphurous gas emission. The 
inception of the investigation reported in this thesis was a 
result of anticipated changes at Zambia Consolidated Copper 
Mines (ZCCM) Kabwe plant, in regard to the treatment of a 
lead sulphate-zinc oxide fume which is collected from the 
Waelz kilns. Research was conducted, by ZCCM's Research and 
Development Department, on smelting the fume with coal and 
soda ash. Although good recoveries were achieved the zinc 
could not be selectively leached from the slag produced. A 
pretreatment leach step was found to be necessary, in order 
that zinc recovery would be tractable. However, the lead 
recovery for the leach residue, treated similarly to the 
fume, was now lower. Incorporation of lead metal into the 
charge containing the leach residue was found to remedy this 
shortcoming. Definitive mechanisms relating to the high 
temperature smelting process could not be postulated at the 
time the research in Zambia was conducted. Subsequently, 
research performed at CSM, provided a basis for 
understanding the behaviour of the process. On the basis of
iii
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results of laboratory tests and information retrieved from 
the published literature, it appears that carbothermic 
reduction of soda ash plays an important role in the overall 
process. Sodium gas and carbon monoxide are intermediate 
reactants which provide for stable sulphur species in the 
system. The role of lead metal in the charge cannot be 
clearly assessed, since its behaviour may be confounded by 
the state of the charge —  whether it is compacted 
(pelletized) or not. Nevertheless, it may play a role at 
low temperatures, during the temperature transient as the 
charge approaches the operational temperature, whereby lead 
in a higher oxidation state is converted to lead monoxide 
and tetra-basic lead sulphate. Theses species at higher 
temperature are readily reducible and are less volatile than 
lead sulphide, which might otherwise form. Consequently, 
lead losses to the gas phase are also minimized. This 
incipient lead metal can, in addition, serve as a collector 
for lead produced as a result of reduction of the 
intermediate lead species by sodium gas and carbon monoxide. 
The laboratory-scale smelting tests, on carbothermic 
reduction of lead sulphate with soda ash, were conducted 
with small charges (approximately 3 grams). The recoveries 
obtained for reactions conducted for 60 minutes at 900°C 
(after a typical 50 minute transient) did not exceed 74wt%.
iv
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Overall mass accounts could be typically balanced with a 
deficit of about 6%. Slag was found to creep over the lip 
of the alumina crucible, apparently due to the interfacial 
tension between these two materials —  this may have 
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Secondary lead processing provides for an important 
source of lead today; particularly in industrialized 
countries. In the USA, two thirds of 1988 refined lead 
production was attributable to these sources (1). The main 
source of secondary lead is scrapped or recycled lead-acid 
batteries; accounting for 510,000 mt. of the 580,000 mt. 
total secondary lead-production for the USA, in 1987. The 
remainder comes from dross and dust by-products from 
industrial lead consumers, cable sheathing (tubing, sheet, 
pipe), solders, and residues from the manufacture of 
tetraethyl lead. It should be noted that the last item will 
no longer be a significant source within the USA, because of 
the switch to unleaded gasoline. Recycled lead acid-battery 
(or wrecker material) processing is, at the present time 
(1990), not only economically viable —  due to the vast 
amount of this material available —  but it has also become 
an important environmental issue. There is no precedent for 
dumping the high tonnage of scrap batteries, due to the 
toxicity of the lead they contain. These residues (or 
wrecker materials) obtained from the batteries consist
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primarily of metallic lead, lead oxides and lead sulphates. 
Therefore, any processing scheme must address the treatment 
of lead sulphate, which can be problematic if significant 
loss of lead as sulphide, is to be avoided.
These materials are usually processed by direct single 
stage smelting in rotary or "reverb" furnaces. Soda ash is 
normally used as flux, since it is capable of fixing the 
noxious sulphur dioxide emissions as a slag phase. In 
general, soda ash is used in the treatment of many lead 
sulphate-containing materials. Processes for converting 
lead sulphate to lead are still currently being investigated 
so as to define, refine and optimize specific aspects which 
include sulphur dioxide pollution abatement, and/or to 
improve lead recoveries. The investigation reported in this 
thesis represents one such effort, where the goal was to 
establish a treatment route to extract lead metal from a by­
product lead-sulphate-containing fume(2).
1.1 Background
Zambia Consolidated Copper Mines (ZCCM) is a fully 
integrated copper mining company in Zambia; their main 
product being copper. The company produces, annually, 
approximately 1/2 million tones copper, 30,000 tones zinc, 
10,000 tones lead, 6,000 tones cobalt, 70 tones silver and
T-3971 3
small amounts of gold and gold mud containing some platinum 
group metals. The company has five major operating 
divisions located in five cities. Four produce copper, 
cobalt and silver; while the fifth one, in the city of 
Kabwe, produces lead and zinc and some silver form lead- 
refining dross.
The zinc is produced in two circuits. One uses a 
sinter-ISF route, and the other is a roast-leach-electowin, 
RLE, route that uses a flash roaster. The second route has 
as part of the circuit, Waelz kilns which are used to 
separate lead from the zinc. The lead is found in the ore 
in association with zinc. Lead is fumed off as PbS gas, 
which is converted in the off gases into a fine lead- 
sulphate fume. Some zinc also fumes off with the lead, and 
is oxidized to zinc oxide fume. The two fumes are collected 
as a mixed product. The typical mix has 25% zinc oxide and 
75% lead sulphate, with only minute amounts of impurities 
associated with the fume collection equipment. About 400 
tones per month of this fume was being produced at the time 
the project was started. It is presently treated by 
incorporating it as part of the ISF (Imperial Smelting 
Furnace) feed.
T-3971 4
1.1.1 Imminent Closure of the ISF:
Due to depletion of lead grades in the ore, the company 
intends to shut down the ISF in the near future. This 
presents two problems for ZCCM. First, it will lose its 
internal lead source with the associated revenue. More 
importantly, the company uses lead in the making of 
antimonial lead anodes which are utilized for electrowining 
of copper in its solvent extraction circuits, one of the 
biggest in the world. The second problem is that the 
company does not have an alternative treatment route for the 
fume. It would therefore be faced with disposal of this 
hazardous material, which would be accumulated at the rate 
of several hundred tones per month. In addition, the fume 
upsets the Pb/Zn ratio of the feed to the ISF, increasing it 
to levels that make operation inefficient. The decision was 
made to find alternative treatment routes for the fume.
They referred the problem to their Research and Development 
Department (2) for which the author works.
1.1.2 Summary of Preliminary Tests:
The Research Department conducted preliminary testwork 
using laboratory size tests. Two approaches were adopted.
In the first one the fume was smelted with coal and soda as 
per Egan and fellow workers' report (3). Although the lead
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was recovered as lead metal separated from the slag, the 
zinc reported to the slag in a form which could not be 
recovered by simple leaching. The second approach was to 
leach the fume in dilute sulphuric acid to remove the ZnO as 
zinc sulphate solution. The lead sulphate cake recovered 
was almost pure and this was then subjected to the smelt 
tests. In the tests that were successful, the fume was 
mixed with soda ash and carbon as was done with unleached 
fume. The stoichiometry of the reactants used in the study 
was based on the reactions:
3 C + 2 PbS04 + Na2C03 = 2 Pb + Na2S203 + 4 C02 (1.1)
5 C + 2 PbS04 + 2 Na2C03 = 2 Pb + 2 Na2S + 7 C02 (1.2)
Initially, however, this smelt scheme (in the absence of 
ZnO) could not effect an acceptable lead recovery, the 
maximum being only 61%. However, when lead metal was added 
to the charges, recoveries of lead, up to a maximum of 87%, 
could be achieved. The role played by the lead metal or 
reaction mechanism related to the process, were not 
investigated. Details of theses preliminary tests are given 
in Chapter 4.
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1.2 Scope and Objective of the Present Research
The need is to develop a process for the direct
extraction of lead from this fume in the simplest and least- 
expensive way possible. This effort would include 
determining conditions needed to effect the extraction and 
ultimately the best way of implementing the proposed scheme 
in the plant. The present research was aimed at examining 
thermodynamic and kinetic factors that affect the proposed 
scheme; particularly those that could be put into practice 
so as to optimize the process in the plant. The role of 
lead metal added to the charge as observed in the initial 
testwork was also to be investigated. One constraint for an 
acceptable process was that iron scrap could not be utilized 
in the charge, as is normal in this type of smelting. The 
reason being that scrap iron is not readily available in 
Zambia and is very expensive, since there is no steel plant 
in the country.
1.3 Research Conducted
The first phase of the present research consisted of a 
series of tests in which lead sulphate mixed with soda and 
carbon was smelted, at the lower limit of the expected 
operating temperatures of 900 to 1200°C, in an "inert" 
atmosphere. The atmosphere was either nitrogen or argon.
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The effluent gases were monitored with a gas chromatograph. 
The next set of tests was similar to the above, except that 
lead metal was added to the charges before smelting to 
observe its effect on the system behavior. Solid products 
were analyzed using either X-ray diffraction, or EDS with an 
SEM. The results were analyzed so as to provide elucidation 
of the process fundamentals.
1•4 Organization of the Thesis
The thesis consists of six chapters. This introductory 
chapter gives the background, the need and purpose of the 
research work. Chapter 2 is a literature survey of relevant 
work, which provided insight into some of the features of 
the results obtained in the initial testwork done in Zambia. 
Chapter 3 presents predictions of equilibrium reactor 
performance for carbothermic reduction of lead sulphate in 
the absence of soda. Also, the phase stability behavior in 
the Pb-S-0 system is presented in the form of a predominant 
area (region) diagram. Chapter 4 first describes the 
preliminary testwork done in Zambia, and this is followed 
with a description of the present work and the equipment 
used. Chapter 5 contains the results obtained both in the 
preliminary testwork and the present research, while Chapter 
6, the final chapter, is a discussion of the results and a
T-3971 8
summary of conclusions deduced. The chapter is completed 
with recommendations of research topics related to the 




The survey has been divided into four major categories. 
The first two are case studies from the literature on the 
behavior of PbS and PbS04 when they are subjected to various 
processing conditions in the laboratory. The third is 
related to the high-temperature chemistry of lead sulphate 
and soda ash. The last category represents some of the more 
common schemes for processing lead sulphate to extract lead. 
The data bases searched for references were the Chemical and 
Metallurgical Abstracts.
2.1 Roast Reaction - Roast Reduction
The terms roast-reaction and roast-reduction are often 
used in describing processes which are used for the 
extraction of lead. The terms have been used 
interchangeably, and can be confusing. Roast reduction (4) 
refers to the process whereby a sulphide is first roasted to 
oxide, and then subsequently converted to metal with a 
reductant such as carbon. In the roast-reaction process, 
the sulfide is partially oxidized to oxide, which 
subsequently reacts with the remaining sulphide to produce
T-3971 10
the metal. An example of this is in matte smelting and 
converting of copper sulfides (4) and to a minor extent in 
lead smelting.
In this thesis, the terms "roast-reaction" and "roast- 
reduction" both refer to reaction of lead sulphide with lead 
oxide.
2.2 Thermodynamic and Kinetic Aspects of Lead Extraction 
from Lead Sulphate
It is well established (5) that the sulphates of lead 
are very stable. Extracting lead from its sulphates or 
sulphides by direct smelting, is rather complex because of 
this stability. The following sections address several 
aspects which contribute to this situation. Lead sulphide 
is also considered because, invariably, during the 
extraction of lead from its sulphates, the sulphide is an 
intermediate product. Moreover, this intermediate sulphide 
can constitute a major loss of lead due to volatilization, 
and render the process a failure. In a more general sense, 
lead sulphide (galena) is also the major mineral from which 
lead is extracted.
2.2.1 Lead Extraction from Lead Sulfide by Direct 
Smelting:
In order to extract lead from its sulphide by direct
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smelting at high temperatures, it is necessary to conduct an 
oxidation reaction which will lead to lead metal. This 
requires that an oxygen partial pressure of approximately 
10"11 atm. and partial pressure of S02 approximately 101 atm. 
be maintained in the system (5). Higher oxygen and/or 
sulphur dioxide pressures result in the production of oxide 
and sulphate, instead of metallic lead (see Figure 3-4).
What is required is an oxidant which has an "adequate" 
oxygen capacity and is buffered at oxygen partial pressures 
below the phase boundary separating lead from the oxidized 
phases (5).
In extracting lead from lead sulphide, one possible 
reaction sequence is:
PbS + 1.5 02 = PbO + S02 (2.1)
PbS + 02 = Pb + S02 (2.2)
The phase-stability for the lead-sulfur-oxygen system 
shown in Figure 3-4 illustrates the complexity of the lead 
system. It also indicates that instead of lead metal (or 
lead oxide) the most likely products are the basic 
sulphates.
As an example, the work of Nakamura and workers (6) is 
now reviewed to illustrate the effect of oxygen partial
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pressure on the smelting products. They studied the 
combustion (oxidation) of lead sulphide, by heating samples 
of synthetically prepared PbS in high-alumina boats. The 
boats were heated in a quartz tube which was placed in a 
gold-image furnace. Several different oxygen partial 
pressures, obtained by mixing oxygen and argon in 
appropriate proportions, were investigated. In reporting 
their work, they stated that it is well known that the 
oxidation of sulphides is thermodynamically feasible at room 
temperature, consequently it is the kinetics of the 
oxidation reactions which need to be considered. They 
therefore analyzed the DTA curves of these oxidation runs. 
Some of the pertinent results they obtained are summarized 
below.
I) For a flow rate of 200 cm3/min air; 10 C/min heating
rate; and a 20 mg sample, two large exothermic peaks
and a small one were observed at 72 0°C, 780°C and 812°C,
respectively. Samples quenched at the peaks showed the 
phases listed in Table 2-1. The compounds were 
identified by X-ray diffraction. The noteworthy aspect 
is the absence of lead metal in these products. The 
reason lead was not obtained was attributed to the 
oxygen partial pressure in air being too high. In
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addition, lead oxide was not formed. When the oxygen 
partial pressure was increased by enriching the air, 
there was still no lead produced. However, lead oxide 
was obtained when the heating rate was increased to 
100 C/min and higher.
Table 2-1 Phases associated with DTA peaks (Ref. 6)
Temp (°C) Phases
1st peak 720 PbS, 2 PbO. PbS04
2nd peak 780 PbS, 2PbO *PbS04, PbO • PbS04
3rd peak 812 PbO • PbS04, PbS04
4th peak 966 PbO • PbS04, 2 PbO • PbS04
II) Further tests in which the oxygen partial pressure was 
decreased to 102 atm yielded some lead metal.
However, there was very little oxidation of PbS; the 
volatile lead sulfide being collected in a cold trap. 
They postulated that lead was formed by roast-reaction 
between PbS and PbO, where the PbO is an initial 
product in the roasting of PbS.
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III) In tests with unpurified argon gas, where the partial 
pressure of oxygen was 10-6 atm, the oxidation of PbS 
was very low while the loss by volatilization of PbS 
became extremely large.
The above results support the view that in order to 
obtain lead from PbS in this way, the following strategy 
must be adopted:
A) Conduct the oxidation of PbS at very low oxygen 
partial pressure, ± 10'11 atm, and an S02 partial 
pressure somewhat lower than 10‘2. This can be 
corroborated by the stability diagram shown in 
Figure 3-4 of Chapter 3.
B) The reactor should be operated at the lowest 
temperature possible consistent with acceptable 
kinetics, so as to minimize lead loss due to PbS 
volatilization.
In practice, very low oxygen partial pressures are 
intractable. Furthermore, it has been suggested that oxygen 
enriched air be used instead. While this appears to be 
contradictory to the phase stability requirements, it can in 
fact lead to the following benefits:
a) Reduction of lead volatilization, by reducing the
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volume of effluent gases which transport the lead 
out of the furnace,
b) Enhancement of the kinetics of the oxidation of 
PbS.
The oxidation products would then be converted to lead, 
by imposing suitable conditions on the system such that 
reaction of these products with PbS is promoted.
In summary, lead metal cannot be extracted directly from 
lead sulphide under "normal" conditions; the basic sulphates 
being the stable phases. This is supported both by the 
phase-stability diagram (Figure 3-4) and from DTA work by 
Nakamura et al (6). Since lead sulphide is usually an 
intermediate product in the extraction of lead from lead 
sulphate by direct smelting, optimum conditions for its 
treatment must be specified so that lead loss, through 
sulphide volatilization, is not so dominant as to make the 
process unattractive.
2.2.2 Lead Extraction from Lead Sulphate by Direct 
Smelting:
Here, too, some of the complexities associated with the 
treatment of lead sulphide are encountered. They arise, as 
indicated previously, because of the stability of the 
sulphates under these conditions (5). Some form of roast- 
reaction between the sulphates and the sulphides would
T-3971 16
normally be required to effect the extraction. The partial 
pressure of oxygen normally present in a reactor promotes 
the formation of sulphates by partial oxidation of the 
sulphides, rather than metallic lead. The stability diagram 
(Figure 3-4) can be used to substantiate this contention.
The work of Hsiao and fellow workers (7) has been 
chosen to illustrate these concepts. They investigated 
desulphurizing lead sulphate by using several sulphides, 
including lead sulphide, via a roast-reaction scheme. Their 
findings are reviewed below:
I) Reaction in nitrogen atmosphere (no oxygen): In
desulphurizing lead sulphate with lead sulphide, 
the following overall reaction can be written:
PbS + PbS04 = 2 Pb0) + 2 S02(g) (2.3)
In a nitrogen atmosphere, the results provided in 
Table 2-2 were obtained. Lead metal was obtained, 
and is due to the absence of oxygen and the 
removal of sulphur dioxide by the nitrogen purge 
gas. The rate of the desulphurization was found 
to be fairly rapid, the reaction being essentially 
complete in the first thirty minutes, as can be 
seen by the results in Table 2-3.
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II) Reaction in air: They also examined the effect of 
air on the products obtained (850, 900, 950 and 
1000°C) , and found the following:
a) The sulphur elimination improved as the 
temperature was increased but it was lower 
than when the reaction was conducted in 
nitrogen.
b) For the same reaction temperature and time of 
reaction, the lead losses increased.
c) At the lowest temperature, 850°C, lead 
sulphate and oxysulphate (basic lead 
sulphate) were produced, whereas at the 
highest temperature of 1000°C, lead oxide was 
predominant. Metallic lead was not 
recovered; confirming that when the reaction 
atmosphere is air, lead cannot be obtained.
III) Reaction in a mixture of air and sulphur dioxide: 
When the reaction atmosphere consisted of 10% S02 
and 90% N2, sulphur elimination decreased as is 
evident from their results which are shown in 
Table 2-4.
In this test they found none of the less-oxidized tetra
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and dibasic sulphates; only the higher oxidation state, 
monobasic and normal sulphate. This confirmed that sulphur 
dioxide in the reaction atmosphere stabilizes the sulphate 
phase. These tests support the fact that in this system the 
presence of both oxygen and sulphur dioxide, at the partial 
pressures present, inhibit the formation of lead metal. This 
investigation demonstrated that in order to extract lead 
from lead sulphate, essentially the same two conditions are 
needed as for lead extraction from lead sulphide. These 
are: very low partial pressure of oxygen and sulphur 
dioxide, and the lowest possible temperature, commensurate 
with acceptable kinetics, so that lead losses to the gas 
phase would be minimized.
In a test in which they treated leach residues, the 
lead loss was high (34%). This was attributed to 
volatilization of excess lead sulphide. Thus, excess 
sulphide should be avoided so that lead losses to the gas 
phase can be minimized. Strategies to control the oxygen 
and sulphur dioxide partial pressure in the reactor, which 
in turn promote the formation of the intermediate basic 
sulphate phases that ultimately decompose to lead metal, can 
be problematic.
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Table 2-2 Results of desulphurization of lead sulphate with 
lead-sulphide in flowing nitrogen :
1 hour reaction time; Hsiao et al (7)
Temperature (°C) Product Analysis (% original)
S Pb






Table 2-3 Results of desulphurization of lead sulphate with 
lead sulphide in flowing nitrogen; 
reaction temperature 950°C; Hsiao et al (7)









Table 2-4 Results of desulphurization of lead sulphate with 
lead sulfide in flowing gas (10% S02; 90% N2) :
1 hour reaction time; Hsiao et al (7)




950 57.9 93 .1
1000 46.4 98.9
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2.3 Decomposition of Lead Sulphate
Conversion of lead sulphate to lead is accomplished by 
decomposition of the sulphate. Consequently, a brief review 
of some of the reaction paths by which lead sulphate can be 
decomposed is now provided. These results are used later to 
analyse the possible mechanisms by which lead sulphate 
decomposes, in the smelting scheme which was investigated 
for this thesis.
2.3.1 Thermal Decomposition:
When lead sulphate is heated, a significant rate of 
decomposition is observed at 700°C; as reported by Jacobson 
(8) . The decomposition rate is rapid at 800°C. Sulphur 
trioxide is evolved according to the following reaction:
PbS04(s) = PbO(s) + S03(g) (2.4)
J.B Bousingault (9) indicated that complete conversion can 
be achieved at a "white heat" (600°C) .
2.3.2 Decomposition (Reduction) with CO and H2:
Both CO and H2 are capable of decomposing lead sulphate 
to produce lead via reduction of lead in the sulphate (8). 
The reactions can be represented by the following overall
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schemes:
2 PbS04(s) + 6 C0W = PbS^ + Pb^ + S02(g) + 6 C02̂  (2.5)
2 PbS04(g) + 5 H2(g) = Pb^ + PbS(s) + H2S04 + 4 (2.6)
Mostowich (9) reported that the evidence of reduction with 
CO can be detected at 630°C. The partially converted PbS04 
can react with PbS according to the following roast- 
reactions:
PbS04(s) + PbS(s) = 2 Pbfl + 2 S02(g) (2.7)
3 PbS04(g) + PbS(g) = 4 PbO(g) + 4 S02(g) (2.8)
The carbon monoxide can also reduce the lead monoxide to 
lead:
Pb0(s) + C0W =: C02(g) + Pb^ (2.9)
In experiments they conducted, the reaction products were a 
mixture of lead, lead sulphide and sulphate in quantities 
which depended on the temperature and reaction time.
2.3.3 Decomposition (Reduction) with Carbon:
If present in a sufficient quantity, carbon reduces the
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sulphate completely to the sulphide, at a "dark-red heat" 
(400°C) .
PbS04(g) + 2 C(8) = PbS(s) + 2 C02(g) (2.10)
In most plant operations and also in testwork, it is 
found that excess carbon causes formation of excess mattes 
(10), confirming the above reaction. If there is a 
deficiency of carbon, the sulphate is only partially reduced 
to PbS and roast-reactions similar to Reactions 2.7 and 2.8 
can then occur.
2.3.4 BBU Rotary Hearth Roast-Reduction, Sulphate 
Decomposition by PbS:
This process (11) utilizes roast-reduction to extract 
lead from mixtures of lead sulphide ore and sulphate plant 
residues; the sulphide being the major constituent. A brief 
description of the process is given in the following section 
as an example of this mode of treatment for lead extraction, 
and also as another mechanism by which lead sulphate may be 
decomposed.
The feed consists of pellets made from ore and recycled 
material, and brown coal. The charge is not allowed to melt 
so that the reactions occur in the solid state (probably via
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gaseous intermediates, including CO, which controls the 
oxygen partial pressure in the system).
The charge is continuously mixed by a mechanical rake 
while air is blown into it. The lead sulphide is converted 
to oxides and sulphates by the air. The oxides, sulphides 
and sulphates then react to produce metal. The sulphates 
are roast reduced (roast-reaction) by the sulphides to lead. 
A simplified representation of the reaction scheme is given 
below:
2 PbS(J) + 3 02(e) = 2 PbO(J) + 2 S02(f) (2.11)
PbS(1) + 2 02(g) = PbS04(s) (2.12)
and
PbS(s) + 2 PbO(„ = 3 Pb(„ + S02(g) (2.13)
PbS(8) + PbS04(s) = 2 Pbfl + 2 S02(g) (2.14)
The last reaction demonstrates how PbS04 is decomposed by 
PbS. In this process the temperature has to be kept low to 
minimize the dissolution of excessive PbS in lead metal. If 
the charge had been melted, it is probable that low lead 
recoveries would be obtained.
2.4 Decomposition of Sodium Carbonate
The flux system of interest in this work is comprised
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of Na-S-O, and is produced as a result of soda ash in the 
charge. In this section the decomposition reactions of the 
soda ash are briefly examined.
2.4.1 Thermal Decomposition of Soda Ash:
The direct decomposition of sodium carbonate can be 
represented by the following reaction (13,14):
Na2C03(sI) = Na20(s) + C02̂  (2.15)
The rate of this reaction is reported to be significant only 
above the melting point of the soda ash (851°C) . Mellor 
(13) gives a tabulation of the partial pressures of carbon 
dioxide for the decomposition at several temperatures. The 
equilibrium constant at 13 00°K is given by Yokokawa and 
Shinmei (14) as 10'57, indicating that at this temperature 
the equilibrium conversion is small.
2.4.2 Reduction of Soda Ash by Carbon:
Several authors (8,13,15) agree that the reduction 
occurs according to the following reaction, which has been 
reported to be rapid above 900°C:
Na2C03(sI) + 2 C(s) — 2 Na^ + 3 CO^ (2.16)
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If the carbon is contacted by the gaseous sodium, sodium 
carbide is formed (Na2C2) , at temperature above 800°C (13).
In addition, if nitrogen is present, particularly in the 
presence of a metal catalyst such as iron, sodium cyanide 
can be formed (8,13). However, the conversion is sensitive 
to the reactor conditions, and the gaseous sodium cyanide is 
likely to decompose to its components before it can be 
collected. Sodium also reacts with sulphur and its oxides, 
when heated, to form sulphides (16). According to Sittig 
(16) , the system Na-S contains the compounds Na2S, Na4S3,
Na2S2, Na4S5, Na2S3, Na4S7, Na2S4, Na4S9, and Na2S5. Reaction with 
S02, can lead to partial conversion to sodium sulphide. If 
an appreciable oxygen potential is present, the system Na-S- 
0 will result; which is relevant to the current 
investigation.
2.5 Role of Metal Reactant in Extraction of Lead from Lead
Sulphate
In the preliminary work conducted in Zambia, it was 
found that when smelting tests were performed on a sulphate 
residue without lead metal in the charge, only low 
extractions of lead were achieved. However, when lead metal 
was included, a dramatic improvement was realized (>80% 
recovery). This behavior, as already discussed, may, in
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part, be due to a "high" partial pressure of oxygen in the 
system. However, at the time the investigation was being 
conducted this effect was not considered. This mode of 
extraction is somewhat similar to that used for the smelting 
of lead-acid batteries to obtain lead, for which, by all 
accounts, is a simple process. It is likely that if the 
battery residue was melted without lead metal —  a component 
in the battery residue —  the process may not be viable. It 
appears that lead metal, or another suitable metal, may be 
essential for extracting lead from its sulphate, by direct 
smelting. The probable role played by metal in this regard, 
based on evidence in the published literature, is examined 
in the following two sections. Two hypotheses have been 
considered. The first, and simpler, is the sequential 
decomposition of the lead sulphate by the lead metal. The 
second is a somewhat more complex process by which the lead 
in the charge serves as a collector for dispersed lead 
product in the (molten) flux.
2.5.1 Role of Lead as a Sulphate Decomposer:
Mellor (9) reviewed Berthier and Percy's work where it 
was reported that when lead is smelted with lead sulphate, 
the lead is oxidized according to the reaction:
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PbS04(s) + Pb^ = 2 PbO(s) + S02(g) (2.17)
However, Jacobson (8) on reviewing work by D.L. Hammick et 
al, report that these researchers proposed the following 
reaction:
PbS04(g) + 4 Pb^ = PbS(s) + 4 Pb0(s) (2.18)
Although the products produced by these two reactions are
different, it is possible that they in fact occur in
parallel. Thus, the relative contribution of each may be 
determined either by the ratio of lead to lead sulphate 
present in the charge, or differences in test conditions.
For example, a mixture of PbS and PbO under certain 
conditions could react to precipitate lead metal which would 
then decompose more sulphate. In the presence of excess 
metal Berthier's reaction (2.17) may be more cogent.
Prengaman (17) reported on reverbatory furnace smelting 
of lead-acid battery residue without fluxes. They 
postulated that the sulphate is decomposed by the lead as a 
result of its oxidizing action on the lead. The reaction 
presented was identical to Hammick's reaction (2.18). They 
referred to it as the "lead eater" reaction.
It is noteworthy that the other metals alloyed with
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lead in the battery plates are oxidized by the sulphate 
according to the following reactions:
4 Sb + 3 PbS04 = 3 Pb + 3 S02 + 2 Sb203 (2.19)
Sn + PbS04 = Pb + S02 + Sn02 (2.20)
3 As + 3 PbS04 = 3 Pb + 3 S02 + 2 As203 (2.21)
These metals, however, are only present in small amounts and
probably do not significantly affect the overall behavior. 
All the same, it was correctly stated that they serve as 
deoxidants for PbO, whereby lead metal is precipitated and 
their respective oxides report to the slag.
In practice decomposition of sulphate by lead is 
initiated during heat up (18), so that by the time the 
operational temperature is reached, substantial 
decomposition of sulphate would have already occurred.
Thus, this transient behavior may enhance the overall 
conversion, and more importantly the recovery of lead in the 
system. Iron is reported to have the same effects on lead 
sulphate as does lead, but it may produce a refractory 
magnetite slag.
If, in the system above, there is a reagent in the slag 
which decreases the activity of sulphur, such as sodium 
oxide, Na20, the vapour pressure of PbS will be depressed
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due to reactions of the type below, which produce lead 
oxide:
Na20 + PbS = Na2S + PbO (2.22)
Although it might appear that once PbO is produced, it could 
then be readily reduced to metal by carbon, this is not 
normally so because the combined effect of oxygen and 
sulphur dioxide pressures, and high vapour pressure of PbS 
under these conditions need to be considered simultaneously. 
In the work reported by Prengaman (17), the lead recovery 
was very low, with most of the lead reporting to the slag 
where it was recovered in a subsequent process where a blast 
furnace was used.
If the kinetics of reaction (2.22) is rapid, the loss 
of PbS by vaporization will be minimized, since PbS and 
other high vapour-pressure lead intermediates are converted 
at the lower temperatures to lead monoxide, some of which 
may be converted to lead, before high temperatures are 
reached. This mechanism can therefore be significant in 
effecting high lead recoveries in these systems.The above 
considerations indicate how lead metal in the charge may 
play a role in enhancing lead extraction (recovery).
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2.5.2 Role of Lead as a Collector for Precipitated Lead 
Microglobules Dispersed in the Slag:
It is possible that in a system where primary lead 
"microglobules" are precipitated in the system at low 
temperature (higher than the melting point of lead), the 
lead metal in the charge would serve to enhance their 
coalescence. Thus, the presence of this high surface-area 
form of lead metal in the slag is diminished and would lead 
to an ultimately lower dissolved lead content of the slag. 
This would therefore decrease both the lead trapped in the 
slag as this dispersion, and also decrease the losses to the 
gas phase as PbS. The latter is a result of lower activity 
of lead in the slag due to the lower dissolved lead content.
2.6 Survey of Processes for the Extraction of Lead from
Lead Sulphate and the Related Underlying Theory
In the following sections, a survey of some of the 
methods used to extract lead from lead sulphate by 
pyrometallurgical means is provided. Important points 
underlying the principles of the extraction schemes are 
highlighted. Some are pertinent to the present 
investigation and may be useful in providing an 
understanding of the behaviour observed. In the processes 
where the charge is molten, it is interesting to note that 
there is always a metal present in the charge. It is
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apparent that the purpose of the lead is not as an 
initiation for lead formation, but rather to perform a 
different function, such as that for iron which serves as a 
desulphurizer. Lead metal is usually present as an inherent 
part of the feed, however, it is most probable that in the 
absence of these metals, high extractions may not be readily 
achieved.
2.6.1 The Mitsubishi Metal Corporation Process (MMC):
An electric furnace (19) was used at their Naoshima 
smelter. The feed was a lead sulphate residue obtained from 
leaching copper-converter dusts in dilute sulphuric acid to 
recover soluble zinc and cadmium. The residue contained 38% 
Pb, 4% Cu, 9% Zn, 3% Sn, 9% S and Fe. The other feed was 
from the Electrolytic Zinc Company of Australia Ltd (EZ). 
This is a by-product of zinc ferrite treatment by the 
jarrosite process. Its analysis was, 24.9% Pb, 8.03% Fe, 
5.30% Zn, 14.75% S and 0.973 kg/ton Ag. The materials were 
smelted with silica, limestone, iron ore, coke breeze and 
scrap iron, fed continuously to the electric furnace. The 
temperature was maintained between 1400 and 1600°K. The 
main purpose of the scrap iron was to form a speiss phase to 
contain most of the arsenic and copper. The report 
emphasized that it is imperative to induce conditions that
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favour the formation of metal rather than lead sulphide or 
oxide. This suggests that extraneous conditions were 
introduced on the system, but what they were was not stated. 
Refinery dross was recycled to the furnace, which introduces 
lead metal into the system. The importance of the metal is 
indicated by the results of two identical plant tests that 
were conducted on EZ residue. In one test scrap iron was 
fed to the furnace, whereas this was excluded in the other
test. The recovery in the test with iron feed (which was an
acceptable level —  92%) was doubled in comparison to the
test where iron was absent in the feed.
2.6.2 Engitec Lead Acid Battery Recycle Process:
This technology (23), developed in Italy, consists of 
leaching lead sulphate with soda ash according to the stated 
overall stoichiometry:
PbS04 + Na2C03 = PbC03 + Na2S03 (2.23)
The lead carbonate is separated from sodium sulphate by 
precipitation with sulphuric acid followed by filtering to 
retrieve the carbonate as a cake. The lead carbonate is 
smelted in a furnace, but the smelting operation is not 
provided in the publication. However due to the absence of
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sulphur in the system it would appear not to be particularly 
complex.
2.6.3 Reverberatory Furnace/Blast Furnace Smelting:
This process reported by Prengaman (17) initially 
consists of smelting of recycled lead-acid batteries, 
without fluxes. The feed material is prepared by first 
wrecking the batteries and then separating the lead-bearing 
residues which are fed to a reverberatory furnace of 
dimensions 4 m wide by 10 m long at the slag line. It is 
fired by two burners using oil or natural gas. Typical 
"wrecker material" assay is: Pb 71%; Sn, Sb, As 2.3%; C 
1.8%, Si02 1.8%, H20 8.5% and S 4.6%. Apart from carbon no 
fluxes are used. The feed is mixed with about 5w% carbon in 
the form of coke breeze, coal fines or hard-rubber battery- 
case material, and fed continuously to the furnace. The 
lead melts, and the carbon reacts with the oxides and 
sulphates. The major part of the PbS04 is converted by 
first oxidizing the melted grid metal according to the 
following reactions:
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PbS04 + 4 Pb = 4 PbO + PbS (2.24)
2 PbO + PbS = 3 Pb + so2 (2.25)
2 PbO + C = 2 Pb + co2 (2.26)
PbS04 + C — Pb + co2 + so2 (2.27)
Reaction 2.27 represents the overall reaction; however, 
based on the thermodynamic modelling conducted in Chapter 3, 
this phase assemblage cannot produce an equilibrium 
configuration. The PbS and PbO enter the primary slag, and 
most of the PbS is oxidized in the highly oxidizing slag 
according to Reaction 2.25. The products are a bullion and 
a thin slag layer containing 80% of the metallics. Its 
analysis is given in the Table 2-5. The slag contains a 
high metallic content, partly due to the absence of fluxes 
in the system. It is mixed with 5w% carbon and smelted 
again, with softening components from the refinery, in the 
same furnace, but in a separate campaign. About 60% of the 
lead in the slag was recovered as an antimonial bullion.
The final slag obtained still contained substantial amounts 
of metal. Its analysis is shown in Table 2-6. Because of 
it relatively lower lead and high antimony content, it was 
subsequently processed in a blast furnace. Smelting without 
fluxes requires a high amount of metallic lead.
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Table 2-5 Typical first slag analysis
Component Analysis (%)
Pb 60 - 65
Sb 7 - 1 0
As .8 - 2.0
Sn 1 - 2.5
Fe 1.1
CaO 1.2
Si02 4 - 8
S 1.5 - 3
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Table 2-6 Typical analysis of final slag
Component Weight Percent (w%)
Pb 50 - 65
Sb 10 - 18
As .8 - 1.6
Sn . 8 - 3
Fe 1 - 3
CaO 1.5 - 3
Si02 8 - 1 4
S .4 - 1.5
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Blast Furnace Smelting: A cold blast enriched with oxygen
is used. The final slag from the "reverb" is fluxed with 
lime and silica. Carbon in the form of coke, and shredded 
iron scrap is also added. Speiss formation is suppressed by 
minimizing the amount of iron added. Although not 
explicitly stated, the iron is probably intended to enhance 
desulphurization.
The final discard slag contains about 1 to 3% lead.
This significant decrease in the lead content is in part due 
to the effect of suitable fluxes.
2.6.4 Rotary Kiln Smelting with Soda Ash Flux:
This process has been reported by Richard Egan and 
fellow workers (3). The smelt scheme was the basis for the 
research reported in this thesis. A converted 177 ft long 
rotary cement kiln was used. The kiln was fired from the 
discharge end by an oil burner angled so that the flame 
strikes the edge of the molten pool which is formed. The 
slag overflowed continuously over the corbel while the lead 
was tapped intermittently by stopping the kiln. The feed 
consisted of pellets made from recycled lead-acid battery 
material, middlings, plant scrap and sometimes a 3 to 1 
ratio of grid to metal pellets. The feed is mixed with 
finely divided petroleum coke, cast iron chips and soda ash.
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The following reactions were presented as describing the 
basic chemistry of the process:
3 C + 2 PbS04 + Na2C03 = 2 Pb + Na2S203 + 4 C02 (2.28)
5 C + 2 PbS04 + 2 Na2C03 = 2 Pb + 2 Na2S + 7 C02 (2.29)
PbS04 + 2 C = PbS + 2 C02 (2.30)
C + 2 PbS + 2 Na2C03 = 2 Pb + 2 Na2S + 3 C02 (2.31)
PbS + Fe° = Pb + FeS (2.32)
Pb02 + C = Pb + C02 (2.33)
2 PbO + C = 2 Pb + C02 (2.34)
Na2C03 = Na20 + C02 (2.35)
Carbon acts primarily to reduce lead oxides to metallic 
lead. In the presence of C, soda ash promotes the sodium 
reduction of the lead sulphide to lead; the reaction 
products varying from sodium sulfide all the way to sodium 
sulphate, with various intermediate compounds such as sodium 
thiosulphate. An important function of the soda ash is to 
reduce the levels of sulphur oxides in the off-gas. This 
"gettering" action is reported to reduce the sulphur dioxide 
in the off-gas to less than 2 00 ppm. It was also claimed 
that airborne carbonate had a similar effect on some of the 
chlorides in the effluent gas. The iron in conjunction with 
the soda ash was considered to have reduced the lead
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sulphide to lead. The proportions of iron and soda ash were 
adjusted to produce low melting point slags.
The slag was of such a high sulphide content that it 
was referred to as a matte, and it was observed to be 





Some of the theoretical aspects which deal with the 
high temperature treatment of lead sulphate are provided in 
this chapter. The first section is a summary of results 
obtained for a model equilibrium reactor, designed for the 
reduction of lead sulphate with only carbon as reductant.
The details are given in Appendix 2. The second section 
covers the construction of the stability diagram for the Pb- 
S-0 system. This has been used as an aid in characterizing 
certain features of the reaction scheme investigated for 
this thesis. The last section presents some conclusions 
which can be drawn from analyzing the stability diagram in 
regard to lead extraction from lead sulphate under 
equilibrium conditions.
3.1 Modelling of Lead Extraction from Lead Sulphate
Initially the possibility of predicting the performance 
of a model reactor operating under equilibrium conditions 
was considered. However thermodynamic data for the Na-S-0 
flux system was not available in the published literature 
based on the search conducted. The equilibrium modelling
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was therefore restricted to a reactor in which carbon and 
lead sulphate was processed to produce lead.
3.1.1 Objective of the Modelling:
The objective was to examine the performance of a 
reactor in which lead sulphate is smelted with carbon under 
equilibrium conditions.
3.1.2 Model Formulation:
Figure 3-1 is a conceptual diagram of the reactor 
operating at equilibrium. The operational configuration was 
specified so that only lead metal(liquid) would be produced,
and the gas phase was undersaturated with respect to carbon.
Referring to the schematic, the number of independent 
chemical reactions required to describe the equilibrium of 
the system are:
R = S - C = 8 - 4 = 4  (3.1)
The four reactions selected are:
2 S02(g) + 2 C(s) = S2(g) + 2 C02(g) (3.2)
P b ffl =  p b (g> <3-3)
Pb^ + 1/2 S2(g) = PbSfe) (3.4)
CO + 1/2 S2(g) = COS^, (3.5)
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Gas Phase : 
ng Pb, PbS, CO, COS










0 Pressure : P+0+
PbS04 C
Components (C) : 4 (Pb, S, O, C)
Species (S) : 8
COSw , S02(g), S2(g), Pb(g)
^ ° ( g ) '  C 0 2( g ) /  P ^ S ( g ) /
Phases (P) : 2 (Gas, Pb^)
Figure 3-1 Conceptual Reactor Scheme for Direct
Carbothermic Reduction of Lead Sulphate
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The equilibrium constants for each reaction are 
considered next. To facilitate analysis, the species are 
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Ptot *  Y 6
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The degrees of freedom for the system are:
F = C - P + 2 = 4 - 2 + 2 = 4  (3.10)
However, since carbon, sulphur and oxygen are present 
only in the equilibrium gas phase, two constraints have 
already been imposed by the proposed conceptualization 
reactor configuration. Thus, the ratio of sulphur to oxygen 
S:0 and carbon to oxygen C:0 are uniquely determined by the 
ratio of these components in the feed. Therefore only two 
degrees of freedom remain to be exercised. Temperature and 
pressure were chosen.
The component molar balances are:
Pb : n s ° * Xl° = ng(Y5 + Y6) + nj*Xl (3. 11)
S : n,° * Xl° = ng (2Y3 + Y4 + Y5 + Y7) (3..12)
0 : 4ns0 * Xl° = ng (2Y1 + Y2 + 2Y4 + Y7) (3. 13)
C : n s ° * X2° = ng(Yl + Y2 + Y7) (3. 14)





This, in effect, defines the product molar flowrate relative 
to the molar flowrate of the feed.
The invariance of the mole fractions of the feed and 
equilibrated gas species, respectively, give:
Xl° + X2° = 1 (3.15)
Y1 + Y2 + Y3 + Y4 + Y5 + Y6 + Y7 = 1 (3.16)
It is convenient to define the feed ratio:
FR = (Moles C in feed) / (Moles PbS04 in feed)
The non-linear equilibrium-distribution equations are
directly linearized by transforming them into log space. The 
arithmetic-geometric equality was applied to the molar 
balances and the invariance of mole fractions so that they 
can be quasi-linearized in logarithmic space. The 
coefficients associated with these latter expressions are 
comprised of weighting factors which are obtained by 
successive iterations. Details relating to the use of the 
arithmetic geometric equality may be found in Cusick's, Ph.D 
thesis (CSM T-3 505, 1989). A Basic computer program was 
written for the Vax computer to conduct the calculations.
The program requires the reactor temperature and pressure as
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input. It predicts the mole fraction of each gas in the 
product gas phase and the amount of liquid lead produced for 
a selected set of input parameters.
3.1.3 Model Predictions:
The predictions are presented as plots in Figures 3-2 
to 3-4. The recoveries are indicated as fractional 
conversions (the ratio of lead in the equilibrated liquid 
lead stream to that contained in the feed as lead sulphate). 
The effects of: mole fraction of PbS04 in the feed, reactor 
pressure and temperature are shown. It is seen that a 
reactor pressure of 20 atm. is required to achieve a 
conversion above 80% for temperatures in the range 800 to 
1300°K (527 to 1027°C) .
Figure 3-2 shows the predicted fractional conversion as 
a function of the mole fraction of PbS04 in the feed. The 
conversion is seen to increase as the mole fraction of lead 
sulphate in the feed is increased in the range 0.2 to 0.5, 
corresponding to a carbon to lead sulphate feed ratio of 
4:1 and 1:1 respectively. The ratio 1:1 can be considered 
the stoichiometric minimum requirement in the system based 
on the reaction:
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Figure 3-3 Fractional conversion as a function of the 
reactor total pressure. T = 900°C.
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Figure 3-4 Fractional conversion as a function of the 
reactor temperature.
Feed condition : X(PbS04) = 0.3
X(C) = 0.7
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It is interesting to note that for total pressures less
than 100 atm., the increased carbon in the feed resulted in
poor conversions(production of liquid metal). This is 
related to the increased sulphur potential in the gas phase 
which increases the PbS mole fraction in the gas phase and 
thus represents a loss to the gas phase.
3.2 Pb-S-0 Stability Diagram (PAD)
The direct extraction of metals from their sulphates 
and sulphides in a reactor (operating at "normal" 
conditions) can be complicated by the sulphide-oxide phases 
being the stable phases rather than the metal. Normal 
conditions here implies a reactor that is open to the 
atmosphere. A useful tool which can be used to analyze the 
reactor behavior and predict phases most likely to be 
thermodynamically stable for a given set of conditions is 
stability or predominance area diagrams (PAD), for the 
system under consideration. In order to assess the expected 
products in this smelt system, a PAD for the Pb-S-0 is 
considered in the following sections.
3.2.1 Construction and Nature of Stability Diagrams or PAD: 
Typically, for cases such as the lead sulphate system, 
the PAD is a display of the stable phases on log Pso2 vs
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log Po2 coordinates. In order to construct them, free 
energy of formation data for the metal sulphur systems and 
the metal oxygen systems are needed. With this information, 
the standard free energy change and corresponding 
equilibrium constants are calculated for the various system 
reactions at the temperatures of interest.
The essential features of the calculations are 
illustrated in the following two examples:
Consider, first, a metal sulphide in equilibrium with the 
metal of which it is composed:
MS + 02 = M + S02 (3.17)
K = Pso2 * (Po2) 1 (3.18)
where: MS is metal sulphide, M is metal and K is the 
equilibrium constant at the temperature of interest.
MS and M are considered to be in their standard state, and 
therefore their activities are both unity. Then, from 
Equation 3-18:
log Pso2 = log K + log Po2 (3.19)
Equation 3.19 is linear with respect to log Pso2 versus 
log Po2 coordinates. The slope of the line representing the
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boundary where MS and M can coexist in equilibrium, is given 
by the negative of the ratio of the exponent on Po2 to that 
on Pso2 in the equilibrium expression, 3-18. In the above 
example the slope is therefore +1.
The second example is a metal sulphate in equilibrium 
with an oxide of the same metal:
MS04 = MO + S02 + l/202 (3.20)
where, MS04 is the metal sulphate and MO is the metal oxide. 
Similar to the first case:
K = Pso2 * (Po2)1/2 (3.21)
In this case the slope of the phase boundary is: -1/2 .
The diagrams will delineate the ranges of gas 
composition over which a condensed phase can exist either by 
itself or in equilibrium with another condensed phase.
Thus, based on solely thermodynamic considerations, it shows 
what products may be expected for a selected set of 
conditions. Nevertheless, stability diagrams have been 
found to provide predictions which are accurate for the 
roasting of sulphides.
The Pb-S-0 stability diagram was constructed using some
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most-recent lead sulphate data critiqued by Kellog (20).
The diagram was constructed (for 1100°K) with the use of 
these data, except for the S02 data which were obtained from 
the JANAF Tables (21). The data are tabulated in Tables 3-1 
to 3-4. The diagram obtained is given in Figure 3-5.
3.2.2 Effect of Temperature on Phase Stability Fields:
Changes in temperature often have distinct and profound 
effects on the phase stability fields in the stability 
diagrams. A particular phase field may become enlarged or 
diminished as the boundaries shift upwards or downwards 
accordingly. For this system the lead metal stability field 
expands upwards and to the right as the temperature is 
raised (22). This indicates that the feasibility of 
obtaining metal is enhanced with increased temperature, all 
other factors being considered the same. It is found that 
if the system is not molten it is possible to obtain metal 
at 1100°K. This is particularly true in roasting of lead 
sulphide concentrates, where smelting occurs. However, if 
the charge is molten conditions can be, and are usually, 
different so that lead will normally not be obtainable —  










Figure 3-5 Pb-S-0 stability diagram at 1100°C
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Table 3-1 Sulphate free energy data used for the
construction of the stability diagram (Ref. 20).
Temp Free Energy Of Formation (kcal/gmole)
°K (PbO) 4PbS04 (PbO) 2PbS04 PbO. PbS04 PbS04
298.15 -393.099 -298.699 -254.037 -204.626
400 -372.915 -283.475 -241.091 -193.914
500 -353.320 -268.712 -228.444 -183.423
600 -333.933 -254.129 -215.873 -172.978
700 -313.782 -239.147 -203.008 -162.408
800 -293.825 -224.346 -190.249 -151.924
900 -274.098 -209.752 -177.620 -141.548
1000 -254.646 -195.399 -165.153 -131.304
1100 -235.475 -181.293 -152.857 -121.205
1200 -216.495 -167.385 -140.706 -111.242
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Table 3 2 Formation reactions used for the construction of 
the stability diagram (ref. 20). Free energies of 
formations are listed in Table 3-1.
Pkfl.c) + 1/2 S2(g) + 202(g) = PbS04(ca)
2 Pb(c>D + 1/2 S2(g) + 5/2 02(g) = PbO.PbS04
3 Pb(c>1) + 1/2 S2(g) + 3 02(g) = (PbO)2PbS04
5 Pb(c>D + 1/2 S2(g) + 4 02(g) = (PbO)4PbS04
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Table 3-3 Regressed free energy equations used for
construction of the stability diagrams (Ref. 20). 
Free energies of formation are listed in 
Table 3-1. AGf in cal/gmole; (750°K<T<1500°K) .
Pb® + i/2 S2(g) = PbS(c) :
AG = -41,000.3 + 36.4750 T + 1.9572 T In T
Pbfl + 1/2 Oj = PbO(c)
AG = -54599.7 + 45.1231 T - 12.7400 T Ln T 
1/2 S2 + 02 = S02
AG = -86,618.3 + 18.4955 T + 0.12718 T Ln T
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Table 3-4 Tabulated free energy data for S02 from JANAF used 
in the construction of the stability diagram















3.2.3 Equilibrium between PbS and PbO:
The diagram shows that there is no common boundary 
between the PbS and the PbO fields. Thus, PbO cannot be 
produced by roasting PbS in oxygen without some sulphate 
formation. Parker (22) reports that a sulfide particle 
roasted in air will consist of PbO in the outer layers if 
the partial pressure of S02 is maintained very low by 
flushing the S02 away with excess air. This will be 
followed by layers of basic sulphates, and possibly PbS04 
next to the inner unroasted core. The above confirms the 
need for accurate process control in the operation of these 
systems, so as to produce metal. For instance, if sulphate 
is formed as stated above, it may hinder further reaction to 
obtain the metal.
3.2.4 Conditions for the Thermodynamic Extraction of Lead 
from Lead Sulphate Indicated by the Stability 
Diagram:
The thermodynamic possibilities of extracting lead from 
lead sulphate can be assessed based on the stability diagram 
shown in Figure 3-5 for this particular temperature. The 
diagram indicates that it is possible to convert PbS04 to 
PbS and then to Pb metal. Another path is the conversion of 
PbS04 to the basic sulphates, to PbS and finally to the 
metal. A modification to the latter is the conversion of
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PbS04 to the basic sulphates, then instead to PbO instead 
and ultimately to metal.
Furthermore, in order to produce lead metal at this 
temperature, the partial pressure of sulfur dioxide cannot 
exceed a maximum of approximately 10'1 atm. , and for oxygen 
10'11 atm. If the respective partial pressures are greater 
than those indicated, lead metal will not ordinarily be 
obtainable. Extraneous conditions need to be imposed to 
effect the extraction in such a case.
For a reactor operating under "normal" conditions, as 
is the case in most direct smelting or roasting of lead 
sulphides, the combined pressure of S02 and 02 would be 
approximately 0.2 atm. (22). Under these conditions the 
partial pressure of oxygen will be too high for lead metal 
to form. The phases predicted from the stability diagram 
are usually obtained in practice, with the exception of 
instances where PbS gas is present in significant amounts 
according to Rao (22). This reference reports that PbS has 
a saturated pressure of 0.7 torr at 1100°K and 5.7 torr at 
1200°K. However, this consideration only modifies the 
predicted equilibrium phase such that instead of being 
PbS04, basic sulphates are produced by reactions of the 
type:
PbS + 7 PbS04 = 4 (PbS04. PbO) + 4 S02 (3.23)
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3.2.5 The Probable Modifying Influence of Carbon and Soda 
on the Extraction of Lead:
In the proposed extraction scheme being studied, lead 
sulphate is smelted with soda and carbon. The soda acts 
both as flux and desulphurizer, while carbon, in addition to 
participating in other reactions will lead to the 
decomposition of lead sulphate. The effect of these two 
additives on the products obtained, in relation to the 
stable phases indicated on the stability diagram, are 
discussed below.
Probable Effect of Carbon: At the operating temperature
which is approximately 1100°C, carbon is oxidized to produce 
CO as a gaseous intermediate. The presences of CO in 
combination with the remaining solid carbon reduces the 
partial pressure of oxygen. The stability diagram indicates 
that a decrease in oxygen partial pressure will result in 
lead sulphate decomposing to PbS —  the stability path 
shifting steadily to the left as the partial pressure 
decreases. The proposed reactions for the above are:
PbS04 + C = PbS + 2 C02 (3.24)
C + C02 = 2 CO (3.25)
2 PbS04 + 6 CO = PbS + Pb + S02 + 6 C02 (3.26)
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The lead product in the last reaction will normally not 
be obtainable if the charge is molten, unless other suitable 
conditions, such as the presence of a desulphurizing agent, 
are incorporated into the system. Furthermore, due to the 
high vapour pressure of PbS, there will be significant lead 
loss in the system if this requirement of reducing the 
sulphur potential is not met.
One the system shifts to the PbS phase field conditions 
need to be induced which reduce the partial pressure of S02, 
while maintaining the oxygen partial pressure already 
obtained, so that lead metal will become the stable phase. 
The reduction in the partial pressure of S02, in the system 
being investigated, is principally effected by the soda ash, 
according to the postulate provided below.
S0? Control in the System: In the proposed smelt system
some of the possible ways in which sulfur dioxide can be 
generated are :
i) Carbothermic reduction of lead sulphate:
2 PbS04 + 6 C(s) = Pbfl + PbSfl) + S02(g) + 6 CO^ (3.27)
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ii) S02 in equilibrium with the sodium sulphate phases:
Na2S04(1) = Na20^ + SO^ + 1/2 02̂  (3.28)
iii) The combined decomposition reaction:
2C + Na2C03(I) + PbS04(I) = Pb^ + Na20^ + S02 + C O ^  + 200^ (3.29)
In these reactions, it is expected that as the reducing 
potential and the temperature are increased, the amount of 
sulphur dioxide produced would increase (10).
The sodium oxide has a high affinity for sulphur, and 
reacts with sulphur bearing species in the system to form 
sodium-sulphur-oxygen compounds. This reduces the sulphur 
potential in the system, which in turn greatly reduces the 
partial pressure of sulfur dioxide in the system. 
Consequently, the stability shifts downwards to the desired 
region where lead metal is the stable phase.
Pickles and fellow workers (10) smelted charges of 
finely divided lead acid battery residue (such materials 
contain significant amounts of lead sulphate) mixed with 
carbon and sodium carbonate, to determine the extent of 
sulphur dioxide emissions from such systems. Appreciable 
emissions were obtained only for temperatures above 800°C.
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Their results confirm that level of the emissions is indeed 
low, attesting to the high reactivity of soda with sulphur 
bearing species. A typical curve of the behavior observed 
is reproduced in Figure 3-6.
On examining the stability diagram, the maximum S02 
partial pressure which will result in lead production, is 
about 10'1 atm. at 1100°K. This is smaller than the partial 
pressures usually encountered in reactors operating under 
"normal" conditions. The presence of carbon and soda ash 
reduce both the sulphur dioxide and the oxygen partial 
pressures, but apparently not sufficiently enough, and so 
the recovery of lead may be poor.
3.2.6 Reflections on the Results of Preliminary Testwork:
In the preliminary testwork that was conducted in 
Zambia, it was found that high lead recoveries could not be 
obtained, by smelting lead sulphate with soda ash and 
carbon. This is apparently consistent with the preceding 
theoretical considerations surrounding the stability 
diagram, and also the conclusion reached by several workers 
who have done similar work, some examples of which were 
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Figure 3-6 Typical experimental curve for the generation 








The first section of this chapter outlines testwork 
which was conducted in Zambia, the result of which provides 
the impetus for the present research. The chapter is 
concluded with a second section where details of the present 
research are given. Complete details of the test-work 
conducted in Zambia are not provided; only information 
pertinent to the present research effort are covered. The 
major goal of the preliminary work was to establish an 
extraction route rather than to provide for an understanding 
of the fundamental aspects, as was the case in the present 
effort.
4.1 Preliminary Research Conducted in Zambia
The research, was referred to the TS R&D department of 
ZCCM by Kabwe division. The requirement was to establish a 
route for the extraction of lead from Waelz furnace fume.
The background and the tests done to achieve the research 
objectives are outlined in what follows.
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4.1.1 Background:
Kabwe division of ZCCM has two metallurgical circuits 
for the extraction of zinc and lead. One is the Imperial 
Smelting Furnace, ISF, route. The second one utilizes a 
flash roaster, Waelz furnace roast-least-electrowin, RLE, 
route. The Waelz furnaces are used to remove the minor lead 
which is in the feed concentrates, by fuming it off as PbS. 
Some zinc which is molten vapourizes too; and in the off 
gases the two vapours oxidize to lead sulphate and zinc 
oxide, which is collected as a very fine fume mixture of the 
two. About 400 t./mo. was being produced at the time the 
project was initiated. The fume is treated as part of the 
ISF feed. Due to the depletion of the grade of ores, the 
ISF feed composition was being adversely affected by the 
fume because it raised the Pb/Zn ratio from the desired 
optimum of 0.64 to an undesirable high of 0.87, and thus led 
to inefficient operation in the ISF. In addition, the ISF 
will soon be shut down due to ore-grade depletion, 
necessitating an alternative treatment route for the fume. 
Fume treatment is necessary for the following reasons;
1) The fume is toxic, since it contains a high level of 
heavy metal and would provide a safety hazard if 
dumped;
2) ZCCM can utilize the lead to manufacture antimonial
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lead anodes used in its solvent extraction- 
electrowinning of copper at Nchanga, another of its 
divisions. This plant is one of the largest in the 
world.
4.1.2 Chemical and Mineralogical Analysis of Fume:
Two batches of the fume received from the division were 
analyzed for their chemical composition and the results are 
shown in Table 4-1.
In addition mineralogical examination of Sample #1, provided 
results shown in Table 4-2.
It can be seen from the analyses that the fume consists 
primarily of lead and zinc phases.
4.1.3 Reagents Used for the Tests Conducted:
Soda Ash: commercial grade averaging 97-98% Na2C03
Lead Metal: pure lead, known as Sable Grade, averaging
99.99% purity.
Coke Breeze: char type, containing approximately 82% fixed
carbon.
4.1.4 Tests Conducted:
Two approaches were adopted for the tests. In the 
first, fume was mixed with soda and coke, and smelted. In
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Table 4-1 Chemical analysis of two batches of fume
No
Analysis (%)
Pb Zn Fe S so42* Si02 A1203 CaO
1 51.9 18.0 0.65 8.24 21.2 0.9 0.26 0.1
2 44.6 17.5 - 8.50 24.9 - - -








the second, the zinc oxide was first removed from the fume 
by leaching with commercial grade sulphuric acid. The 
remaining lead sulphate residue was smelted with soda and 
coke.
I) Smelting of Unleached Fume:
Egan and fellow workers (3) considered the following 
reaction, presented earlier:
2 PbS04 + 2 Na2C03 + 5 C  = 2 Pb + 2 Na2S + 7 C02 (4.1)
The stoichiometry indicated by this reaction was
adopted in conducting the smelting. The carbon utilized was 
sufficient only for reducing the lead-sulphate, but did not 
account for reduction of the zinc oxide. Thus, most of the 
zinc oxide would report to the slag with the rest of the
slag constituents. The function of the sodium carbonate was
twofold: to provide for a flux which would capture the 
sulphur in the system and to promote the desulphurization of 
lead sulphide. The high reactivity of the soda ash with 
sulphur bearing species, can produce sodium-sulphur-oxygen 
type compounds, which minimize the generation of effluent 
S02 gas. This would provide a definite advantage to the 
plant operation, since the sodium and zinc compounds would
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form the bulk of the slag. The charge proportions used were 
as given below in accordance with reaction 4.1.
Fume : 500 g = 76.1%
Soda ash : 113.59 g = 17.29%
Coke : 43.4 g = 6.61%
Individual charges were smelted in covered silicon 
carbide crucibles for 1 hour, in an electric muffle furnace; 
the temperature range of investigation covered 700 to 
12 00°C, in 100 C intervals. Satisfactory results were 
obtained at 1100°C, where a fluid slag and good lead-metal 
recovery in the range 81% to 92% were obtained. The 
results are discussed in Chapter 5. Six replicate tests 
were conducted at this temperature to determine 
reproducibility of the results, and this was found to be 
satisfactory.
Test Procedure:
1) Establish test temperature in GLOBAR (silicon carbide) 
resistance-heating furnace. The crucibles containing the 
charges were warmed by placing them on top of the furnace 
door; it was estimated that the temperature they attained 
was approximately 80°C. This procedure also removed
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moisture from the silicon carbide crucibles, thus allowing 
them to be placed directly into the hot furnace.
2) After the furnace had soaked for about 15 minutes, the 
warm crucibles were placed in the furnace. When the 
crucibles were placed into the muffle, the temperature 
decreased, but then rapidly increased due to its thermal 
mass. The start of the time of treatment was considered to 
be initiated when the set point was once again attained 
(approximately five minutes).
3) After the elapsed time of one hour, the hot crucibles 
were immediately removed from the furnace and cooled in air.
4) The cooled charge was separated and weighed.
Leaching of Slaa:
In the preceding smelting, the zinc and sodium reported 
as oxides and sulfides in association with each other to the 
slag. Leach tests were conducted on the slag to separate 
the sodium compounds because they are undesirable in the 
zinc-leach plant, where the slag would be treated for 
extracting the zinc. The leaching was carried out in cold 
and hot water and also in dilute sulphuric acid. None of 
these tests was successful because the sodium dissolved more 
rapidly than the zinc and furthermore a high recovery of 
zinc could not be realized. Consequently, it was apparent
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that an alternative scheme would be necessary so as to 
ensure the recovery of the zinc as well.
II) Smelting of Leached Fume:
The loss of zinc to the slag, in a form which was not 
simple to leach, resulted in efforts where the zinc was 
first leached from the fume prior to smelting.
Zinc is present in the fume as zinc oxide which can be 
readily leached in dilute acids; at the same time the lead 
sulphate is essentially insoluble. The fume was therefore 
leached in dilute commercial-grade sulphuric acid, at a pH 
of 2 and 2 0w% pulp density. The one liter capacity leach- 
vessels and stirrers, were of stainless steel. The tests 
which were conducted at ambient temperature were successful; 
most of the zinc oxide was solubilized and a lead sulphate 
residue remained. A typical analysis of the residue is 
given in the Table 4-3.
Table 4-3 Typical analysis of leach residue
Pb (%) Zn (%) so42- (%) S (%)
63 . 00 1.25 27.90 9.30
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A large batch of several kilograms was made by leaching 
several samples, as described above and combining the 
residues.
The leach residue was then smelted with soda ash and 
coke, similarly to the procedure employed previously. Tests 
were conducted only at 1100 and 1150°C. At 1100°C the charge 
sintered but did not fuse. At 1150°C a melt was obtained 
and the phases separated well; however, the lead recoveries 
were low, being mostly below 60%. In an attempt to improve 
the recovery ferric oxide, silica and lime were added to the 
charge. Although good fusion was obtained, the recoveries 
were still low. Most of the loss seemed to occur by PbS
vapourization. It was surprising that good recoveries were
not obtainable, since this behaviour seemed contradictory to
the published results of Egan and coworkers (3). On
reexamining Egan's report, it became apparent that the 
processing scheme which had been employed in our laboratory 
was not identical to theirs. The difference was that there 
was lead metal in the charge which they treated, since this 
is part of the recycled lead-acid batteries. It was 
therefore decided to incorporate lead metal in the charge, 
to observe its effect on the recoveries. Indeed, the 
recoveries improved to acceptable levels (>80%).
A series of tests was now conducted so as to determine
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the limits, and/or an optimum amount of lead metal to be 
added as part of the charge. Lead addition was increased 
from about 16% of the leached fume, to about 67%. All of 
the tests in which the lead content of the charge was not 
greater than 50w%, gave acceptable recoveries. One test in 
which the lead content of the charge was 67w%, gave a 
distinctly low recovery. A satisfactory explanation could 
not be advanced as to the mechanistic role of the lead 
metal. Although the problem of low recoveries, on the 
laboratory scale, had been solved, an understanding of the 
reaction mechanisms was lacking because of an inadequate 
knowledge-base on the system being studied.
A charge schedule, adopted from the last series of 
tests, is tabulated below. This is approximately the 
stoichiometric amounts (Reaction 4.1) for soda ash and coke 
(carbon); however, the quantities have been rounded for 
convenience in implementing the practice in the plant.
Leach Residue Soda Ash Coke
300 g 30 g 20 g
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4.2 Research Conducted at CSM
The research work conducted was aimed at providing an 
understanding of some of the thermodynamic and kinetic 
factors affecting the extraction of lead from lead sulphate, 
the tests were designed primarily with this objective in 
mind. An obvious focus of attention was related to the role 
of lead metal in the charge on improving lead recoveries. 
This section is divided into two parts: the first part is a
description of the test equipment.
4.2.1 Description of the Test Equipment:
All the tests were essentially smelt tests. The 
equipment employed consisted of the following:
i) gas cylinder with pressure regulator which supplied 
the purge gas to the system,
ii) a needle valve which controlled the flowrate of gas 
supplied to the system,
iii) a mass flowmeter which indicated the flowrate being 
supplied to the system,
iv) an electrically heated tube-furnace
v) a reaction chamber consisting of a tube of either 
quartz or recrystallized alumina in which an 
alumina crucible containing the sample was placed,
vi) water cooled end-closures which provided tubular
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fittings at the inlet and outlet of the reactor tubes,
vii) a recrystallized alumina sample probe which allowed 
the gas outlet to be sampled,
viii) gas chromatography (GC) computing integrator for 
analyzing the gas sample,
ix) type K thermocouple and indicating temperature control 
unit,
x) a three-way solenoid valve which when activated 
directed the outlet gas into the sample probe and into 
the sample valve of the gas chromatograph,
xi) "plumbing" supplies such as Teflon tubing, ferules, 
nuts, etc.
A schematic of the apparatus is given in Figure 4-1, and a 
photograph is provided in Figure 4-2.
The sample in the alumina crucible was placed
approximately in the middle of the ceramic reactor tube 
located in the tube furnace. The end closures were 
attached, and the gas from the cylinder was supplied to the
reactor tube via Teflon tubing connected to the needle valve
and mass flowmeter. The gases leaving the furnace were 
conveyed through the water cooled closure to the solenoid 
valve and vented through Teflon tubing to an exhaust duct.






































the outlet gas would be diverted through the sample probe to 
the gas chromatograph sample valve, for analysis. The inlet 
end of the sample probe was located about a 1/2" from the 
crucible which had been positioned in the middle of the 
reaction chamber downstream of the gas flow. The probe was 
also sealed by a compression fitting onto the end closure. 
The outlet of the probe was connected to a 1/16" Teflon 
tube, which routed the gas to a 2 micron filter. The filter 
was incorporated so as to remove any particulate present 
from the gas sample before it entered the gas chromatograph 
sample-valve. The outlet from the sample valve was also 
vented to the exhaust duct.
Details of the individual equipment components are 
provided below.
1. Needle Valve
This unit was a dual needle precision flow-control 
valve.
2. Transducer and Flowmeter
The transducer was a Hastings mass-flow-type H-1K. The 
analog readout consisted of a graduated scale covering the 




The thermocouple (T/C) was a chromel alumel (type K) 
placed in a 1/8" recrystallized alumina sheath. The tip of 
the T/C inside the sheath was placed in the furnace outside 
the ceramic reactor tube adjacent to the crucible. The 
output from the T/C was connected to an Athena (Series 6075) 
temperature indicator/controller. The controller is 
equipped with optional auto tuning PID control action, but 
can also be set manually. In auto mode it computes the 
optimum control parameters based on the response of the 
system. The unit has a simplified adjustment procedure by 
incorporating the rate (Derivative) and the reset (Integral) 
action into one adjustment, the "rt". This is displayed in 
seconds of rate time. The parameters were set manually.
The set point of 900°C, could be maintained to ±1C.
4. Furnace
Figure 4-3 is a schematic of the furnace with the 
dimensions shown. A photograph of the furnace is given in 
Figure 4-4. The furnace consists of a bottom and a top 
half. Each is semi cylindrical, approximately 3 V  radius by 
13" long. Two hinges allow the top half to be rotated so 
that the halves can be separated. Two handles are provided 
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Figure 4-3 Schematic and dimensions of the furnace, reactor 
tube and sample crucible.
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Figure 4-4 Photograph of reactor system. The furnace is 
shown at the top center. The temperature 
regulator and the mass flow meter 
transducer/readout are in the right and left 
middle.
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5/8" radius inner semi-cylindrical refractory insert running 
the length of the furnace, and in which the reactor tube 
rests. A spiral metal heating element is positioned within 
the insert by means of ribs. Refractory insulation fills 
the space between the heating element assembly and the outer 
metal shell of each half. When the two halves are closed a 
cylindrical cavity is formed. Power is supplied to the 
heating elements through two insulated terminals on the 
metal shell, so that the elements are connected in parallel. 
The power cord from the furnace is plugged into the outlet 
of the temperature controller.
5. Ceramic Tubes. Boat and Crucibles
Two types of tubes were used as the reactor chamber in 
which a sample boat or crucible could be placed. Initially, 
quartz glass tubes were used. However, these were found to 
develop cracks as a result of chemical reaction between the 
quartz and reaction products. These tubes were 18" long 
with an inner diameter of 7/8" and outer diameter 1". 
Subsequently, a recrystallized alumina tube of the same 
length was employed. Its inner diameter was 3/4" and outer 
diameter 1". The tube was found to perform satisfactory and 
was not significantly attacked by the reaction vapours, nor 
was it susceptible to thermal shock over the operating
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temperature range which did not exceed 900°C.
Some reaction charges were treated in a boat, others 
were placed in a crucible. The boat was approximately 1 
3/8" long by 3/8" wide and 1/4" deep with rounded ends. The 
crucibles were approximately 5/8" diameter by 3/8" high.
They were cut from a deeper crucible which was 1 1/16" high. 
Both the crucibles and boats were of recrystallized alumina.
6. End Closures
Two end closures were used to seal the reaction chamber 
and provide for a suitable termination which was used for 
the gas inlet and effluent. Figure 4-5 is a schematic of 
this assembly. It consists of a modified Ultra-Torr 0-Ring 
fitting to which a water cooled tube-reducer is attached.
The two components are sealed by an 0-Ring not shown in the 
schematic. The Ultra-Torr end fits over the end of the 
ceramic tube. When the nut is tightened, the 0-Ring is 
compressed onto the tube thus effecting a leak-tight seal. 
Copper tubing, wound onto the tube-reducer end, is used to 
provide cooling which protects the 0-Ring. The closures are 
located approximately l\" from the end faces of the furnace.
7. Ceramic Sample Probe
This recrystallized alumina probe was used to obtain a
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Figure 4-5 Schematic of the Ultra-Torr end closure
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sample of gas at approximately 1/2" downstream from the 
crucible. It was located approximately on the centerline of 
the ceramic reactor tube. The probe dimensions were 1/16" 
I.D., 1/8" O.D., and approximately 15 5/8" long. The end 
located outside the reactor tube was connected by 1/16" 
diameter Teflon tube to a 2 micron filter located in the 
inlet tube to the GC.
8. Solenoid Valve
The gas leaving the reactor passes through a stainless 
steel tee which is connected by 1/8" Teflon tubing to the 
bypass solenoid valve. The valve is normally open and the 
gas is vented through another Teflon tube to a duct 
connected to an external exhaust fan. The valve is actuated 
by an electrical signal from the GC controller. This event 
is programmed and occurs at a preset time and for a set 
interval, usually several seconds, and then opens again. In 
the closed position the gas flow in the reactor chamber is 
diverted through the sampling probe to the GC sample valve. 
The gas sample is subsequently analyzed when the sample 
valve is actuated to the "inject" position.
9. Analytical Gas Chromatography Equipment
The gas chromatography equipment consisted of the three
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units listed below:
i) Carle analytical gas chromatograph
ii) chromatograph process controller
iii) Autolab system I computing integrator
A gas cylinder with a pressure regulator supplied the helium
carrier/reference gas.
1) Carle analytical gas chromatograph (AGC):
This instrument contains two separatory columns and a
reference column. A schematic of the system is shown in
Figure 4-6. The columns were as follows:
a) 5 A molecular sieve (MO sieve); comprised of a 
stainless steel tube 6' by 1/8" OD, packed with 42-60 
mesh, 5A molecular sieve. This was used to separate 
all gases except sulfur dioxide and carbon dioxide.
b) Porapak-Q (PPQ); Two column lengths were used, a 2' 
column when no C02 was expected in the gas sample and a 
6' column when C02 was expected. This was necessary 
because C02 has a relatively short separation time 
relative to S02 both of which can be separately by this 
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c) OV-101 Reference Column; A 6' by 1/8” O.D. stainless 
steel tube packed with 8% OV - 101 on 80-100 mesh 
SupelcoporJ (a proprietary support for the OV-101).
The separation of the strongly polar gases (S02 and C02) 
from the other gases must be effected first. Once this is 
accomplished the other gases (N2 and CO) present in the 
system can then be separated. Rotary plate valves are 
utilized to achieve the desired configuration listed below:
A) A bypass or "PPQ - thermal conductivity detector 
circuit". This was used for S02 and C02 detection
B) An inline circuit or "PPQ - MO sieve - thermal 
conductivity detector circuit". This was used for 
detection of the other gases: CO, N2 or Ar.
In operation the inline circuit was used first.
Sulphur dioxide and C02 would be adsorbed onto the PPQ while 
N2 or Ar and CO would be adsorbed on the MO sieve. Once the 
N2 and CO had entered the MO sieve column, the bypass valve 
would be switch to the bypass position to detect C02, which 
was desorbed first followed by S02. After detection of the 
S02, the bypass valve was switched back to the inline
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position for the detection of N2 or Ar and CO. The detector 
was a thermal conductivity device. It consists of two 
matched tungsten filament in a flow cell, and forms part of 
a DC bridge. The bridge is balanced when the 
reference/carrier (He) gas, flows through each half of the 
cell. When the carrier gas elutes one of the components 
through the measurement half of the cell, an imbalance is 
produced in the bridge which is related to the thermal 
conductivity of the component relative to helium reference 
gas. The imbalance creates a voltage in the bridge circuit 
which is detected and analyzed by the Autolab computing 
integrator.
2) Chromatograph process controller model 100:
The chromatograph process controller model 100 is a 
"bench top" custom unit used with the Autolab computing 
integrator. The process controller provides an interface 
between the Autolab, the solenoid valve, GC sample valve, 
and GC bypass valve (the last two are located in the AGC). 
The Autolab system can be programmed to effect switching so 
that these devices can be operated at appropriate times 
during the analysis sequence.
3) Autolab system I computing integrator:
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The primary function of the Autolab system is to 
process the signal produce by the thermal conductivity 
detector and ancillary circuit. The area of the peaks which 
are produced each time a separated gas component enters the 
detector is determined by the system. In addition, fused 
peaks can be resolved by an extrapolation technique. 
Calibration constants for each component, which are 
determined by the use of a reference gas mixture, enable the 
concentration of the gas detected to be determined 
automatically. A printout of the results is provided for 
each sample analyzed. A schematic of the overall system is 
given in Figure 4-7.
4.2.2 Materials and Reagents Used in the Research:
1) Lead Sulphate:
Baker analyzed grade reagent (99% PbS04) . The material was 
in the form of a white powder.
2) Sodium Carbonate:
Analytical grade, and was also in the form of a white 
powder.
3) Carbon:







































Baker analyzed reagent grade (99.8% Pb) , in the form of 
spherical and oblate particles.
4.2.3 Preparation of Charges:
All the charges treated were pressed into pellets by 
use of a punch and die in conjunction with a Carver 
laboratory hydraulic press. The constituents of the charge 
were weighed and then mixed in a mortar and pestle. This 
appeared to produce thoroughly mixed charges. The total 
masses were usually in the range 1.5 to 4.5 gm. After 
mixing, the powder was placed into the tungsten-carbide 
lined cylindrical die and a carbon steel cylindrical punch 
used to press the powder into a pellet. The load on the 
punch was in the range 6000 to 10000 lbs, and the diameter 
of the pellets was approximately 0.59 inch. In the tests 
where lead metal was used as part of the charge, a few drops 
of distilled water were added to the powder, as a 
binder,before pressing. Also these pellets were pressed at 
the higher load. The damp pellets would then be dried in a 
vacuum oven at temperatures in the range 70-80°C. Most of 
the pellets were of good consistency and could be handled 
without being damaged. Pellets were stored in stoppered 
sample bottles.
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4.2.4 Setting Up the Parameters for the Gas Chromatograph 
System:
Although the system is automatic, operational 
parameters have to be programmed into the Autolab computing 
integrator. These parameters are:
i) Peak retention times for each expected gas. This is
used to identify a particular gas.
ii) The calibration factors for each gas component
expected. This is obtained automatically through a
calibration sequence performed by the Autolab computing 
integrator using calibration gas mixture of known 
composition.
iii) The time functions which control the column 
configuration in the G.C. required to achieve the 
necessary separation, and hence analysis. The required 
timing was established in a systematic manner by 
determining the elapsed time(s) at which the peak 
corresponding to a selected gas component was eluted 
from the system and detected by the thermal 
conductivity detector. Calibration gas mixtures were 
prepared in a one liter high-pressure cylinder. The 
cylinder was first evacuated and back filled with 
nitrogen. This was followed by rinsing three times —  
the cylinder was pressurized to approximately lOOpsi 
then blown down to ambient pressure. The required
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calibration-gas composition was established by 
introducing each component so that it corresponded to 
particular partial pressure. A test gauge which 
indicated absolute pressure was utilized for this 
purpose.
4.2.5 Procedure for Conducting a Test:
The procedure used for all tests is given below:
i) The weighed sample was placed in a crucible (or boat), 
and placed in the reactor tube,
ii) the reactor-tube was located in the split tube- 
furnace,
iii) the end closures were now fitted to the ends of the 
reactor tube,
iv) the tube from the outlet of the mass flow-meter was 
connected to the inlet end-closure,
v) the sample probe (already connected to the 2 micron 
filter by the 1/16" Teflon tube) was inserted through 
the Tee-fitting on the outlet end-closure of the 
reactor tube,
vi) the Teflon tubes leading to and from the solenoid 
valve were connected. The final configuration was 
then as shown in Figure 4-1,
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viii) the purge gas was now allowed to flow through the 
reactor,
ix) system check for gas flow through the solenoid valve 
by dipping the open end of the exhaust tube under 
water in a plastic cup, and repeat the same for gas 
flow through the AGC,
x) enter the control parameters into the Autolab memory 
and verify them by obtaining a printout,
xi) simultaneously, remove the furnace temperature- 
controller from the stand-by mode and depress the 
start button on the G.C. Process Controller. Monitor 
the temperature of the furnace at selected intervals 
during heat up to 900°C. The time at which 900°C is 
achieved is noted. Beyond this time no further manual 
monitoring is required, since all the necessary 
monitoring is automatic,
xii) at the end of a test, the temperature controller was 
placed in stand-by mode, where it indicated the 
temperature as the furnace cooled down. The cooling 
rate was monitored in some tests. Also gas analysis 
was continued during this period, being stopped 
usually when the temperature was approximately 500°C,
xiii) when the temperature was in the range 3 00 to 400°C the 
furnace top-half was lifted, exposing the tube and
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thereby allowing it to cool faster,
xiv) when the temperature was approximately 100°C the purge 
gas and cooling water were turned off,
xv) when the system had cooled to ambient temperature the 
end pieces were removed from the tube, observations 
made, and the crucible removed for weighing and 
separation of the charge
With this arrangement the various system components 
controlled and indicated the reactor temperature, while the 
effluent gas was analyzed intermittently.
4.2.6 Temperature Control:
This was accomplished with the Athena controller. The 
parameters for the three control actions (PID) were first 
set, based on the response expected. In the initial tests, 
the reactor temperature overshot the set-point temperature 
of 900°C by approximately 8C. During these tests the 
settings were optimized so as to give a minimal offset of 
only 1C below the set point of 900°C.
4.2.7 Gas Analysis:
Before starting the experiment the purge gas was 
allowed to flow through the sealed system for several 
minutes to purge the air out of the system. The test was
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started by setting the GC process controller in the recycle 
mode and depressing the START button, while at the same time 
the temperature controller was activated. The analysis 
sequence consisted of the solenoid valve being activated for 
about two to three seconds —  this caused the gas in the 
vicinity of the crucible (or boat) containing the charge ,to 
be diverted to the G.C. sample valve. The cycle time for 
the analyses was 120 seconds when the reactor gas contained 
only S02 and argon and the 2' PPQ was installed in the GC. 
When the reactor gas was comprised of C02, S02, Ar (or N2) 
and CO and the 6 ' PPQ column was installed the cycle time 
was 52 0 seconds.
4.2.8 Details of the Tests:
The tests were done so that a better understanding of 
the thermodynamic and kinetic factors which influence the 
extraction of lead from lead sulphate, could be developed. 
The focus was directed to those aspects which would most 
likely be relevant to the treatment of Kabwe fume. The 
tests conducted are described in the following subsections.
Direct Thermal Decomposition of Na2CO, (Nitrogen Purge Gas) : 
Soda ash serves both as a flux and desulphurizer in the 
system. It was important to investigate its decomposition
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behaviour, as well as how it is incorporated in the final 
slag. The first test conducted establish its decomposition 
behavior.
A pellet of sodium carbonate was made, cut with a razor 
blade and the pieces put in a pre-weighed alumina boat. The 
pellet was cut so that it could fit into the boat. The 
sample weighed 1.56 gm. The boat was placed in a quartz 
reactor tube and the end pieces attached. The test 
temperature was 900°C. The temperature was continuously 
monitored as the reactor was heated from ambient temperature 
to the test temperature and also during cooling until the 
temperature had dropped to about 400°C. Periodic gas 
analyses were also performed during the test. The run was 
discontinued when what appeared to be a steady effluent gas 
composition was attained. At this point the controller was 
placed on stand-by and the reactor was allowed to cool, 
while the temperature continued to be monitored.
In this test only C02 was detected in the effluent gas. The 
charge had completely melted during the test. After 
cooling, the boat with the charge was weighed and the mass 
of the recovered sample was determined.
Decomposition of NaXO^ bv Carbon (Nitrogen Purge Gas) :
The proposed smelting reactions, which depend in the
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product formed, are :
Na2C03 + 2 PbS04 + 3 C = 2 Pb° + Na2S203 + 4 C02 (4.2)
2 Na2C03 + 2 PbS04 + 5 C = 2 Pb° + 2 Na2S + 7 C02 (4.3)
However, to determine the decomposition effect of 
carbon on Na2C03, pellets consisting of these two reactants 
were reacted at 900°C. The composition of the charges was 
selected according to the reaction:
Na2C03 + 2 C = 2 Na^ + 3 CO^ (4.4)
First Test:
In this test (and also in the other decomposition 
tests), 20w% excess carbon was used. The purge gas was
nitrogen. A pellet of the two reactants was made, cut with
a razor blade and the pieces put in a pre-weighed boat. The 
reaction was conducted in quartz-tube reactor at 900°C. The 
duration of the run was determined according to the time 
required for a steady composition of the outlet gas to be 
obtained. This was considered to have been achieved when 
four of five subsequent gas analyses yielded approximately 
the same gas composition. The elapsed time from start to 
the this point, which also corresponded to the start of the
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cooling, was 3 hours and 8 minutes. Only CO was detected 
during the test. It was observed that the quartz tube had 
an opaque deposit, about 1/2 mm thick, and from which it was 
apparent that the gaseous reaction product had reacted with 
the quartz. This was located in the middle of the tube, 
where the boat had been placed, and extended approximately 
three inches in the direction of flow. Farther on, there 
was a region of a light yellowish deposit. Deposits were 
also present on the alumina sample probe, but it had not 
been attacked. The residual pieces of charge in the boat 
were black and had retained their shape. Also, they were 
fairly strong and exhibited slight plasticity. These pieces 
were firmly stuck to the boat and had to be pried loose.
The mass recovered was about 75% of the initial value.
When the temperature was between 3 00 and 400°C, the 
top-half of the furnace was swung open to increase the 
cooling rate. It was observed that the deposit started 
cracking and partially spilled off the reactor wall, without 
becoming totally dislodged. In some tests, the tube 
fractured, directly over the attacked region.
Second Test:
This second test was similar to the preceding one, and 
was conducted so as to clarify, what was considered to be
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anomalies, present during tests where argon was used as the 
purge gas. Also, during the first test the temperature- 
controller parameters were not optimized. The charge, 1.71 
gm, was identical in composition to the one in the first 
test. The run was terminated after 3 hours and 21 minutes, 
by which time a steady gas composition had been well 
established. The observations noted were similar to those 
of the first test. On quenching the reactor tube be in air 
at 316°C, the tube broke in the region were it had been 
attacked by the reaction-product vapours. The mass 
recovered was approximately 71% of the initial value.
The amount of CO evolved was estimated by integrating 
the CO versus time response by use of the trapezoidal rule 
incorporating the Richardson extrapolation technique. This 
also provided an estimate of the sodium produced according 
to reaction (4.4). Consequently, an assessment of the mass- 
balance closure for the system could then be performed.
Decomposition of Na?C03 by Carbon (Argon Purge Gas):
Nitrogen can react with sodium under certain 
conditions, such as in an electrical discharge (23). This 
reaction is promoted in the presence of CO, which in 
addition leads to the formation of sodium carbide; according 
to Kirk and Othmer (23). Consequently, it was decided to
T-3971 106
determine whether the decomposition using argon as purge gas 
would exhibit features different from that with nitrogen gas 
purge gas. This test was conducted as described in the 
preceding test with nitrogen purge gas. Two tests were 
conducted.
First Test:
The charge mass was 2.07 gm. This test produced 
anomalous results. The normal behaviour for the gas (CO) 
evolved, as detected by the AGC, was that initially it would 
be present at a low level then increase rapidly, achieving a 
maximum followed by a fairly rapid decrease to a steady 
value which would be maintained over a long period of time 
until the test was stopped. In this test, the behaviour was 
normal up to the point where the steady value was reached. 
However, the CO gas concentration was only maintained for a 
comparatively short time, before it began to increase again 
steadily. It attained a value which was higher than its 
previous maximum value then suddenly dropped sharply to 
zero. The residual charge was also different in appearance. 
It was a very small amount (about 7% the initial mass), and 
soft in texture.
It was subsequently determined that the concentration 
response had been due to a gradual blockage of the sampling
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probe by sodium metal. This was corroborated in the second 
test, where the sample probe completely blocked after only 
57 minutes and the test was then stopped.
Second Test:
This replicate test was conducted to confirm that the 
probe was being blocked (by condensed sodium vapour) during 
the run. The charge was 1.67g. The behaviour was normal, 
with the exception that after the steady CO-concentration 
level had been attained for about 2 hours, it suddenly 
dropped to zero and the test was then discontinued. This 
latter behaviour was common to these two test in which argon 
purge gas was used. The amount of CO evolved was estimated. 
In this second run, the residual charge was similar to the 
test with nitrogen —  black, fairly strong and slightly 
plastic. The weight recovered was about 71% of the original 
weight. In all these tests only CO was detected. The 
corrosive deposit on the quartz reactor-tube which had been 
detected in the previous tests, was also present in this 
test.
Decomposition of Na?CO? bv Carbon in Argon Purge Gas:
Due to the attack of the reaction-product vapours on 
the quartz reactor-tube and their subsequent failure, it was
T-3971 108
apparent that they were unsuitable for use with this 
reaction system. An alumina reactor-tube was selected 
instead. A test of the decomposition of soda ash by carbon, 
using argon as purge gas, was conducted to evaluate the 
performance of the tube.
The procedure was the same as that for the other tests. 
After an elapsed time of 71 minutes, the probe blocked and 
the test was terminated. On examining the internal tube 
wall, the brown deposit was in the usual place, however it 
had an ash-like appearance and was also present on the 
probe. This material was also attributed to having caused 
the probe blockage. The alumina tube was however unaffected 
except for minor discolouration of the surface, where the 
deposit had accumulated. The deposit was also found to be 
sticky. The sticky deposit, which was cream coloured, was 
scraped off the probe and put on a filter paper where it was 
observed to react in the ambient environment. A small piece 
was observed under an optical microscope, where vigorous 
reaction could be discerned occurring on the surface of the 
material. This was stored in a desiccator. The pieces left 
on the paper reacted completely, leaving burn marks on the 
paper.
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Decomposition Reaction of Lead Metal on Lead Sulphate:
In the tests done in Zambia, it had been found that 
lead extraction from the sulphate residue was significantly 
enhanced by the addition of elemental lead to the charge of 
sulphate, sodium carbonate and carbon. This aspect is 
supported by the literature reviewed (9,18), and two 
possible explanations for the role of lead metal, as 
presented in Section 2.5, have already been given. A test 
was conducted to examine the decomposition effect of lead 
metal on lead sulphate. Two possible reactions are given 
below:
PbS04 + 4 Pb = 4 PbO + PbS (4.5)
PbS04 + Pb = 2 PbO + S02 (4.6)
The charge composition for the test was based on Reaction 
4.5. A pellet of (9.14 gm) was pressed with a few drops of 
distilled water to aid agglomeration. It was then vacuum 
dried. The AGC was set up for argon purge gas and S02 only. 
In order to determine the temperature range where the 
decomposition reactions become significant, the reactor was 
held at several successively higher temperatures, starting 
at 3 30°C which is just above the melting point of lead.
The sample was place in the cut recrystallized-alumina
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crucible described earlier. The reactor was heated to 330°C 
and held there for 10 minutes. When no reaction-product gas 
was detected, the temperature was raised to 400°C and held 
there for 10 minutes. No reaction gas was detected also.
In this manner, the temperature was progressively raised to 
800°C, in 100 C intervals. None of these temperatures 
produced a detectable reaction-product gas. During the rise 
in temperature to 900°C, S02 was first detected at 
approximately 850°C. By the time the final temperature had 
been attained, there was a steadily increasing S02 
concentration being detected. After it reached a peak 
value, it decreased continuously until it was zero again.
The test was then stopped and the reactor allowed to cool.
The alumina tube had a dark deposit which occupied a 2 
inch region, approximately three inches from the crucible in 
the direction of the gas flow. The crucible contained a 
lead bead which, as well as the sides of the crucible, was 
covered with a red and orange flaky material. There was 
also some yellow colouration on the reactor wall and the 
sample probe. The total amount of S02 evolved was estimated 
to determine the weight loss due to S02 evolution.
Smelting of PbS01 with Na2C0? and Carbon:
For the actual extraction tests, the charge
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stoichiometry proposed by Egan and fellow workers, and which 
had also been used in the work conducted in Zambia. It 
should be recalled that the tests in Zambia had failed to 
realize a high enough recovery. This had been attributed to 
the lack of controlled atmosphere in those tests. It was 
anticipated that in the presence of a controlled atmosphere 
an acceptable recovery would be obtained. The two reactions 
are relisted for convenient reference:
Na2C03 + 2 PbS04 + 3 C = 2 Pb° + Na2S203 + 4 C02 (4.7)
2 Na2C03 + 2 PbS04 + 5 C = 2 Pb° + Na2S + 7 C02 (4.8)
The carbon plays a role in the decomposition of both PbS04 
and Na2C03, and also reduces lead oxides to lead. Soda ash
and its derivative oxides form the flux system and act as a
desulphurizer for the sulphur bearing species of lead, while 
simultaneously fixing S02.
First Test:
For this test, the stoichiometry indicated by Reaction 
4.7 was employed. The charge constituents were calculated, 
weighed out and blended. A pellet was pressed, and after 
being weighed (4.31 gm) was placed in the alumina crucible 
which was then placed in the quartz-reactor tube. The
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temperature of the reactor was increased from ambient to the 
reaction temperature of 900°C. The AGC was programmed for 
analysis of C02/ S02, N2 and CO.
CO was not detected, and S02 only detected twice.
During cooling, S02 was also detected when the temperature 
was approximately 500°C. During heat up, C02 was detected 
when the temperature was approximately 690°C. This 
evolution of C02 continued while the reactor was at 900°C.
The test was stopped when C02 could no longer be detected by 
the AGC.
Following the test, the following observations were
made:
i) There was a dark grayish deposit on the tube walls, 
with some grey crystals located in the region down 
stream from the crucible,
ii) there was a yellow deposit after the grey region nearer 
to the cool outlet,
iii) similar deposits were located on the sample probe, 
where the appearance of the crystals was more abundant,
iv) some of the sample had been thrown out of the crucible
to the lower part of the reactor tube,
v) the crucible contained a lead bead and a dark grayish
slag with small metal drops dispersed in it,
vi) the slag and the lead were stuck to the crucible, and
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could only be recovered by breaking the crucible.
The mass of the lead metal recovered was low; about 73% on 
the basis that the metal was pure lead. SEM analysis gave 
sulfur and sodium levels in the metal which appeared to be 
high.
Second Test:
This test was identical to the preceding one, but argon 
was used as the purge gas instead of nitrogen. The pellet 
was 1.85 gm. In this test, only C02 was detected; CO and S02 
were not. The test was stopped when C02 could not longer be 
detected. This was taken as an indication of the cessation 
of any reactions. The elapsed time for the test was 69 
minutes —  from the start of heat up to the last C02 peak 
being detected. There was one peculiar observation that was 
subsequently found to be common to this type of test. C02 
was first detected in the second sample after the start of 
the test, when the reactor temperature was typically between 
200 and 400°C —  temperatures that appear to be somewhat low 
for significant reactions to occur.
The observations following the test were similar to 
those in the first test —  similar deposits, part of the 
charge thrown out of the crucible, dark grayish slag with
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metal globules entrapped in it. The bead and slag stuck to 
the crucible, but it was possible to dislodge them. The 
crucible was cleaned by washing in water and soaking in 
hydrochloric acid. The recovery, based on the metal being 
pure lead, was still low at 74%.
Third Test:
Because of the deposits found on the inside of reactor 
chamber, it was necessary to verify whether, due to the long 
test times (about 2 hours in the first test and 90 minutes 
in the second test), significant amounts of lead were lost 
as vapours. This test was conducted so that after the test 
temperature of 900°C was reached, the sample was held at 
this temperature for only 15 minutes, after which the test 
was terminated.
The sample mass was 3.98 gm. This test was similar to 
the preceding two except for the reaction time. S02 was 
detected only once. C02 was detected during heat up, when 
the reactor temperature was approximately 313°C. The C02 
concentration peaked at approximately 800°C then rapidly 
decreased to an approximately steady value, by the time the 
reactor had been maintained at 900°C for 15 minutes. The 
test was stopped and the reactor allowed to cool. The 
following observations were made subsequently:
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i) there was a very thin gray deposit on the alumina tube
walls extending downstream of the crucible, and on the
probe in the same position it had been noted in the
previous two tests,
ii) none of the sample had been thrown out of the crucible
iii) it appeared that the reaction time was insufficient, as 
manifested by the presence of gas bubble entrapped in 
the slag.
iv) there were metal globules dispersed in the slag.
The metal recovery had not improved, but rather had 
decreased to 62%
Fourth Test:
This test was done to investigate the mechanism 
indicated by Reaction 4.8. Twice as much carbon and soda 
ash are required for the same amount of lead sulphate. In 
effect, it provided information on the effect of increasing 
carbon. Because the 15 minutes used for the last test had 
appeared to be too short, this test was conducted for 1 hour 
at 900°C. A 4.22 gm pellet was used. The AGC was 
programmed for C02, S02 and Ar the purge gas, CO was not 
sought because it had not appeared in any of the previous 
tests in the series. Another reason for excluding CO
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analysis, was that it is then possible to conduct the 
analysis in a shorter time, thereby providing more data on 
gas composition. The rest of the test procedure was the 
same as for the previous tests. During heat up, C02 was 
first detected in the second sample, when the reactor 
temperature was 316°C. The concentration was maximum at 
889°C, then began decreasing. For the hour the sample was 
at 900°C, the C02 decreased steadily. S02 was detected only 
once. A small concentration of CO was detected over a short 
period during the run. There was an unidentified peak which 
appeared immediately after the analysis was started. It was 
not apparent what this gas component might be. The test was 
stopped after the hour had elapsed, and the sample allowed 
to cooled. The following observations were made:
i) There was a thin metallic brownish deposit and grey 
crystals on the alumina tube walls, about three inches 
downstream from the crucible.
ii) the same deposit was also on the part of the probe 
nearest to the crucible,
iii) most of the charge had been thrown out of the crucible 
onto the bottom of reactor tube; including some of the 
metal. The crucible was stuck to the floor, but was 
dislodged by tapping with a metal rod,
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iv) there were metal globules dispersed in the dark slag. 
The metal recovery was low, being only 63%.
Fifth Test:
Due to excessive spillage of the charge in the 
preceding test, the same test was repeated but with a 
smaller pellet of 2.87 gm to determine whether spillage was 
contributing to the poor recovery obtained. CO or S02 was 
not detected, however, the unidentified gas component peak 
was also detected. Observations noted after the test were 
the same as in the preceding test, including that some of 
the charge had been ejected onto the bottom of reactor tube. 
The crucible was stuck to the bottom by the metal and slag, 
and became broken in the process of being dislodged. A 
small amount of the grey crystals were scrapped off the 
reactor tube and the probe, and stored in a sample bottle.
Smelting PbS01 with Na^CO, and C with Lead Metal in the 
Charge
In the tests done in Zambia, good lead recovery was 
obtained when lead metal was included in the feed charge.
It was not known, however, what role the metal played. A 
few tests were conducted to determine whether the lead metal
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would enhance the recovery in a controlled atmosphere. The 
stoichiometry indicated by Reaction 4.7 was used. The 
pellets were prepared by adding a few drops of distilled 
water to the mixture before pressing. It was then dried in 
a vacuum oven prior to being reacted.
First Test:
A pellet of 4.31 gm was used. Lead metal in the charge 
was 15% of the total weight of the other three constituents. 
The test procedure was the same as that described in the 
preceding sections.
S02 was detected only once, however , there was no CO 
detected. After the second sample was analyzed and when the 
reactor temperature was at 3 66°C, C02 was detected. It 
achieved a maximum concentration when the fourth sample was 
analyzed, and when the reactor temperature was 818°C. The 
concentration of C02 was already decreasing steadily by the 
time the reaction temperature of 900°C was reached. At 
about 135 minutes into the run, C02 could no longer be 
detected and the test was discontinued. The following 
observations were made after the reactor had cooled down:
i) There was a dark deposit and gray crystals on the
sample probe,
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ii) there was a similar deposit inside the alumina reactor 
tube walls, about three inches downstream from the 
crucible,
iii) some of the slag had been thrown out of the crucible, 
causing it to stick to the bottom of the tube. The 
crucible was subsequently dislodged by tapping it loose 
with a metal rod. There was a slight dark deposit in 
the outlet end-closure.
These observations were in fact identical to the ones for 
the test in the preceding section where lead metal had not 
been incorporated in the charge. The recovery was not high, 
at 73%.
Second Test:
This test was also done to determine whether a shorter 
processing time would improve recovery, by minimizing vapour 
losses. The pellet mass was 3.86 gm. The test procedure 
identical to the third test described in the previous 
section. The reactor was allowed to remain at 900°C for 
only 15 minutes, after which the test was stopped. S02 was 
detected once, and no CO was detected. C02 was detected 
after the second sample was analyzed, and when the reactor 
temperature was 313°C. The maximum concentration occurred
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when the reactor temperature was 800°C. The C02 
concentration then dropped sharply and became steady by the 
time the target temperature of 900°C was reached, and also 
for the 15 minutes thereafter.
There was no ejection of sample out of the crucible 
onto the bottom of the reactor tube. Other observations 
were identical to the similar test in the previous section, 
when lead metal was not included in the charge. The 
recovery was low, at 61.5%.
Third Test:
In this test the reaction time at 900°C was increased 
to 30 minutes, with the expectation of increasing the 
recovery. Lead metal in the charge was also doubled to 3 0% 
of the other constituents. The pellet mass was 4.68 gm.
The other conditions remained the same. S02 was detected 
once. C02 was detected during the second sample; its 
concentration peaked at 797°C, then dropped off sharply and 
continued decreasing very gradually, until the 3 0 minutes at 
the reaction temperature had elapsed. Some of the sample 
was thrown out of the crucible. The recovery did not 
improve and was approximately 60%.
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4.2.9 X-ray and SEM Analysis:
All solid residues and the slag obtained after the 
tests were analyzed qualitatively by X-ray diffraction. The 
samples were ground with a mortar and a pestle to prepare 
them for analysis. A few of the lead beads were flattened 
in the laboratory press used for the pellets, and then 




This chapter is divided into two parts. The first part 
briefly outlines the results obtained for the tests done in 
Zambia, while the second part covers the results for the 
present work.
5.1 Results for the Tests Done in Zambia
The results of the work conducted in Zambia have been 
divided into two parts: the direct smelt tests on Kabwe 
fume, and the leach-and-smelt tests. Attempts to analyze 
the observed behavior are tackled primarily in Section 5.2 
in conjunction with the results of the present work.
5.1.1 Direct Smelt Tests:
Details of the test are provided in Section 4.1.4. It 
is recalled that Kabwe fume was mixed with various amounts 
of Na2C03 and carbon, and smelted at several different 
temperatures. The results obtained are given in Table 5-1. 
It can be seen that fusion of the products was obtained at 
1100 and 12 00°C. Good recoveries were obtained at 1100°C.
The unsintered powder presented problems in zinc analyses
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and anomalously high assays were obtained.
Replicate Tests: Six replicate tests were conducted at 
1100°C in order to test the reproducibility of the behavior 
observed. The results are given in Table 5-2. The 
distributions are defined as follows: (Mass in product 
phase)*100/(Mass in feed)
The results indicated that:
1) The recoveries, above 80%, were generally high at this 
temperature but could drop to unacceptable levels if 
higher temperatures were used (cf. Test 6 in Table 5-
1) •
2) Lower temperatures may not give good results because 
the charge might not fuse.
3) Losses to the gas phase were low and generally 
acceptable.
4) Under these conditions a matte was not produced.
5) Most of the zinc reported to the slag.
6) The slag obtained was fluid at 1100°C; brownish, and 
hygroscopic, producing H2S in air. Some carbon was 
found on the surface of the slag.
5.1.2 Test to Separate Sodium from Zinc by Slag Leaching: 
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the zinc leach plant. The plant cannot accept sodium in the 
leach liquor. Therefore an attempt was made to separate 
sodium from the zinc by selective leaching as described in 
Section 4.1.4. The results obtained are summarized below:
1) In cold water (25°C) , sodium extraction was only 47%, 
with insignificant zinc in solution.
2) In hot water (60°C) , sodium extraction increased to 
61.1%, and there was also insignificant zinc in 
solution.
3) In sulfuric acid (at pH = 2, and 25°C) sodium 
extraction was 88%, however the zinc extraction was 
32%.
The results in Table 5-3 indicate that zinc could not be 
successfully solubilized or selectively leached relative to 
sodium, particularly in the acid leach. A mineralogical 
examination failed to identify the form of zinc and sodium 
in the slag. Chemical analyses showed that there were 
sulphides in the slag, indicating that zinc in the slag 
probably existed in sulphide form which may not be recovered 
by a simple acid leach. Furthermore, significant 
solubilization of sodium also occurred. It was therefore 
suggested that the slag be routed back to the ISF, in the 
short term, should the smelt process be adopted. The next
T-3971 127
Table 5-3 Zinc and Sodium contents and extraction percents 









Zn Na Zn Na Zn Na
Cold Water 
(25°C)
41.9 9.76 0.005 15.18 0.01 47.23
Hot Water 
(60°C)
40.5 8.42 0.003 40.50 0. 005 61.16
Acid 
pH2 (25°C)
45. 6 3.7 21.33 28.68 31.53 88.2
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phase of the work was conducted largely because of the zinc 
extraction problem. An important feature of the extraction, 
which was subsequently identified, was that lead recoveries 
are high in the presence of zinc contained in the slag. In 
smelting just lead sulphate residue, the recoveries were 
significantly lower, this may be because of the absence of 
zinc or some other suitable metal constituent.
5.1.3 Smelting of Leached Fume:
In order to facilitate zinc extraction, Kabwe fume was 
first leached in dilute sulfuric acid. This solubilized the 
ZnO in a sulphate medium while the lead sulphate remained as 
a residue which was relatively uncontaminated as shown in 
Table 4-3. In this way, the zinc problem was overcome. The 
residue lead-sulphate was smelted according to the same 
overall reaction given by Egan and fellow workers, and 
restated below:
2 Na2C03 + 2 PbS04 + 5 C  = 2 Pb + 2 Na2S + 7 C02 (5.1)
The charges were smelted for one hour at 1100°C and 1150°C. 
Fusion was not obtained at 1100°C, but occurred at 1150°C. 
Three products were obtained in the crucible; a slag, a 
matte and lead metal. The test details were presented in
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Section 4.1.4. The recoveries were low, with the maximum 
being approximately 61% (see Table 5-4).
It was not obvious why the recoveries were low. About 
27% of the lead had reported to the matte product. It was 
found that when lead metal was incorporated into the charge 
the recoveries improved to acceptable levels (above 80%). 
Tests were now conducted to determine whether there was an 
optimum amount of lead which should be added to the charge. 
Lead metal contents of the charge which were not greater 
than 50wt% of the sulphate residue, gave acceptable 
recoveries. One test in which the lead metal content was 
67wt% resulted in a decrease in lead recovery, suggesting 
that there is an upper limit to the lead content which 
should be used. In general the lead losses were primarily 
to the vapour phase (fume) and matte, rather than the slag. 
The results are presented in Table 5-5.
A satisfactory explanation for the role of the lead in 
improving recoveries could not be uncovered at the time 
these tests were conducted. In addition, 12wt% of lead was 
lost to the matte. It was therefore desirable to find ways 
of minimizing matte formation. In the next sections, an 
attempt is made to address some of these questions in the 








































































H* VO rHo o
rH VO
o\in cr> h*
CM CM 0>h  in
in cm vo in 





oo invo 00 co
• • •O 00 ovo
00 00 oO CO 00
• • •O 00 CMCM ^
13ft
t"* H-̂t t'- CMvo
O  CO H  COin •'t
H  't VO CP't in 00 rH
cm in 't t"in cm h
h m h hCO CM CM O






co <p o o o








H O OO CO 00
O rH
CO O  O
O  CO 00
O H





ft ^e oQJ oEh w
-P
in o<U 2 Eh
00 oCO O CM
• • •in 't in<p in
'tcm o Tt
• • •
cr» h  r"
00 'St CO
t"*o o co










































































































































































in oO O 00
vo



































































































































































•pCO o <u sEH
cn <n o H 
• •






















VO CN CN CO





















































































CV rH CO cn cn CM cn vo
CM in CM CO rH in cn• • i • • I • • •
CM rH H rH cn o cn in
CM rH cn CM
cn in cn 




cm co in  ino CM CM CM• • • • •o CO o rH rH
CO rH 00
n  f f i co
cn in  cm
cn
CM
in  in  r>  m <r>
co Ch
in  in  





rH vo o cn

























o  o  






O CM in rH o
in cn r" CO in cn in r"• • • 1 • • • I • • •
cn vo rH in vo t*" VO ■<*
















-poi o 0) % Eh
T5 a) tn
p
G T5 Q) tn
P
G n a)i i tn
P
G
cd cd 0 cd cd O cd cd O
a) 4Jt0
s
rH & Q) 4-*(0
s





















5.2 Results of the Research Conducted at CSM
In this section, results of the present research are 
covered. The observed behavior are discussed in light of 
the test results; information provided by the literature 
review; and theoretical aspects already presented in 
Chapters 2 and 3. Aspects of the preliminary tests done in 
Zambia and in particular the inability to obtain high 
recoveries (>80%) when the lead sulphate leach residue was 
smelted alone, are also tackled.
5.2.1 Thermal Decomposition of Na2C03:
Since sodium carbonate was to be used as a flux in the 
experiments planned for the carbothermic reduction of lead 
sulphate, it was considered important to characterize its 
decomposition behavior. A pellet of Na2C03 was placed in a 
quartz reactor tube and was heated to 900°C in flowing 
nitrogen, while the effluent gas composition was monitored. 
The test details have already been presented in Section 
4.2.8. The charge fused as expected, and the only gas 
detected was carbon dioxide at very low concentration. This 
is corroborated by information in the literature (9,14). 
Shinmei (14) gives the equilibrium constant for the thermal 
decomposition at 13 00°K as 10"57. The reactor temperature 
and C02 percent were plotted and are shown in Figure 5-1.
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Figure 5-1 Reactor temperature and C02 percent in effluent. 








The equilibrium decomposition reaction may be written as:
Na2C03(1) = Na20(I) + C02̂  (5.2)
Although, Reaction 5.2 indicates that Na20 and Na2C03 forms 
two immiscible phases, it is possible that these species may 
be mutually soluble.
5.2.2 Decomposition of Na2C03 by Carbon:
Details of these tests are provided in Section 4.2.8.
In one series of tests the purge gas was nitrogen, and in 
the other, argon. The pellet contained 2 0% excess carbon 
(relative to the stoichiometry indicated by reaction 5.3, 
below). It was contained in an alumina boat which was 
placed in a quartz reactor tube, then heated to 900°C. The 
run lasted for about four hours during which time the 
effluent gas was analyzed continuously. The primary 
reaction expected was:
Na2C03(M) + 2 C(s) = 2 Naw + 3 COw (5.3)
Nitrogen Purge Gas: Two tests were conducted; both gave
similar results. The only gas detected was CO except that 
when the temperature was approximately 2 00°C, the
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chromatogram included a C02 peak. Sodium in the gas phase 
could not be analyzed directly. However, there was evidence 
of condensed sodium metal. The response curve is shown in 
Figure 5-2. It is seen that the CO concentration achieved a 
maximum value of approximately 3.7%, at about 40 minutes 
into the run. The composition subsequently decreased and 
for approximately two hours the effluent gas contained 
approximately 0.5% CO. In the second test, the behavior was 
similar; the CO concentration achieving a steady value of 
approximately 0.6%. After the sample had cooled, it was 
observed to be a black, porous and malleable material which 
had retained its original shape. The reactants appeared to 
have sintered and formed a solid solution with the sodium 
carbonate, carbon and its product oxides. It should be 
noted that in the absence of the carbon, the charge would be 
molten at the control temperature (900°C) .
From the results above, the decomposition appears to 
have occurred according to the Reaction 5.3, but again the 
rate is comparatively low once the steady gas evolution is 
reached.
A mass account was performed on the system. The mass 
of the charge remaining indicated that there was a loss of 
29.2% of the original charge. Based on the mass of CO 









Figure 5-2 Reactor temperature and CO percent in effluent.
Na2C03/C pellet in nitrogen purge gas (100 SCCM).
78. 6wt% Na2C03; 21.4wt% C







reaction 5.3, a loss of 25.2% would be predicted. Thus,
4.1% of the mass loss was unaccounted for.
Evidence of sodium formation was indicated by:
1) The quartz tube had been severely attacked in the
region of the alumina boat containing the sample. The 
attack had to have occurred by a gas phase reaction, 
since the sample had not melted. The only gas in this 
system capable of reacting with quartz (Si02) was 
sodium.
2) The gas-sampling probe became blocked due to 
condensation in its lower temperature end. When some 
of this cream-colored deposit was collected, it reacted 
vigorously in the ambient air forming a deliquescent 
effervescence on the surface. The deposit was 
subsequently stored in a desiccator.
Argon Purge Gas: Two tests were also conducted in which
argon was used as the purge gas. The reason for using 
argon, instead of nitrogen, was related to the possibility 
of reaction between sodium vapour and nitrogen in the 
presence of carbon. The flowrate for the argon was 145 
SCCM. The results were almost the same as for the tests in 
nitrogen except that after the CO gas evolution had become 
steady, it then rapidly dropped to zero. The reason for
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this behavior is not clear. It is speculated that nitrogen 
can react with the sodium-carbon compounds in the sample, 
while in the inert argon a stable solid solution of definite 
composition is produced in which the equilibrium partial 
pressure of CO is below the detection limit of the gas 
chromatograph system.
X-rav Analysis of Reaction Product: The reaction product
from each run was analyzed by X-ray diffraction. Sodium 
carbonate, and what appeared to be a compound of sodium and 
carbon were identified from the diffraction pattern. This 
provides additional evidence that sodium metal is produced 
by carbothermic reduction of sodium carbonate.
5.2.3 Decomposition of Lead Sulphate by Lead Metal:
Details of this test are provided in Section 4.2.8.
The objective was to determine the effect of lead on the 
decomposition of lead sulphate for reasons stated earlier. 
Lead particles were mixed with lead sulphate and pressed 
into a pellet which was heated in stages from 330 to 900°C, 
while monitoring the effluent gas from the reactor. 
Detectable product-gas was produced only at temperatures 
above 840°C. The response curve is shown in Figure 5-3.
The test was stopped when the S02 concentration was lower
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than the detection limit for the gas chromatograph system.
The products were lead, and a red and orange flaky 
vitreous material. The X-ray diffraction pattern indicated 
that the material was a mixture of the lead oxides: litharge 
and massicot; and the tetra-basic lead sulphate (Pb0)4.PbS04. 
The results were interpreted as follows:
1) Lead metal is oxidized by lead sulphate which is
reduced to lead monoxide and basic lead sulphate. This
can be rationalized from the stability diagram (Figure 
3-4) which shows that the phase in equilibrium with 
lead and PbO, is the tetra-basic sulphate. A possible 
reaction mechanism responsible for this final 
configuration can be represented by the following:
Since PbS is unstable in the presence of PbO, it reacts to 
form the tetra-basic sulphate:
PbS04(s) — PbSoo + 2 02(g) 
Pb(o + 1/2 02(g) = PbO(s)
(5.4)
(5.5)
Pbs(s) + 4 PbO + 2 02(g) = (PbO)4• PbS04 (5.6)
The above results may, in part, explain the role played by 







Figure 5-3 Reactor temperature and S02 percent in effluent. 
Pb/PbS04 pellet in argon (145 SCCM).







in the preliminary work. This is probably why it is 
possible to smelt battery-wrecker material with carbon and 
without fluxes as reported by Prengaman (17). If the 
activity of PbS in the system is reduced by the production
of PbO and basic lead sulphate, there is likely to be higher
recovery because these lead species are less volatile, and 
PbO is readily reduced by carbon to metal.
5.2.4 Smelting PbS04 with Soda Ash and Carbon:
These tests represent the actual lead extraction scheme 
details of which have already been covered in Section 4.2.8. 
In all the tests, except one, the atmosphere was argon.
Effluent gas composition: Carbon dioxide was the main gas 
detected in these tests; although there was usually one or 
two chromatograms which contained an S02 peak. In one test 
where excess C and Na2C03 were used, CO was detected for a 
short period during the run; the overall reactions, of 
interest, as reported in the literature, are:
2 PbS04 + Na2C03 + 3 C = 2 Pba) + Na2S203 + 4C02 (5.7)
2 PbS04 4- 2 Na2C03 + 5 C = 2 Pb^ + 2 Na2S + 7 C02 (5.8)
The actual reactions depend on the various Na-S-0 compounds
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produced; besides sodium sulphide and sodium thiosulphate, 
which are incorporated in the slag product. One possible 
sequence of reactions which can represent the reaction 
mechanism which is responsible for 5.7 and 5.8 is as 
follows:
Na2C03(I) ■+■ 2 — 2 Na^ + 3 CO^ (5.9)
PbS04 = PbS + 2 02 (5.10)
2 CO^ + 02 = 2 C02(g) (5.11)
2 Nafe) + PbS = Na2S + Pba) (5.12)
PbS + 2C02(g) = P̂(i) + S02(g) + 2 C0(g) (5.13)
Na2S + S02(g) + 1/2 02 = Na2S203(1) (5.14)
In the above reactions, the species with the overbars are 
postulated to be dissolved in the sodium thiosulphate slag. 
Carbon dioxide was the major species in the system and was 
monitored in most of the tests to determine the end point of 
the reactions. The minimal S02 detected would support 
reaction 5.14, because of the high reactivity of S02 with 
the sodium compounds. At the same time the presence of CO 
below the detection limit would support reaction 5.11. A 
typical plot of the C02 as a function of time is given in 
Figure 5-4. The initial detection of C02 occurs at 
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Figure 5-4 Typical response of reactor temperature and C02 









thought to be due to the reaction of soda ash with water 
present in it. The soda ash was found to undergo a weight 
loss of approximately 4% on being heated at 150°C for 70 
minutes.
Lead Recoveries; Recoveries for five replicate tests are 
given in Table 5-6. The condition for the reaction end 
point was when C02 could no longer be detected in the 
effluent gas; when three consecutive gas chromatograms 
failed to show C02 peaks, the test was stopped.
The unrecovered lead was primarily in the slag where the 
lead is present as entrapped lead beads, lead sulphide and 
other lead compounds. Lead metal and sulphide in the slag 
were identified by X-ray diffraction analysis. In addition, 
the slag is displaced out of the crucible; either due to gas 
evolved and/or the interfacial tension between the slag and 
the crucible. Figure 5-5 is a photograph showing metal loss 
on the crucible lip due to slag creepage over the side.
A smaller amount of the lead is lost as deposits on the 
reactor tube walls, on the probe, and in the effluent tubes; 
although the last item is probably very minor. The deposit 
on the reactor walls was in the form of lead sulphide 
whiskers which deposited and grew in the cooler regions of 
the tube; about three inches from the crucible.
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Table 5-6 Lead recoveries for five replicate tests at 900°C 
in flowing argon (145 SCCM). Test TS1 is in 
nitrogen (100SCCM). (14.05wt% Na2C03; 81.18wt%
PbS04; 4.77wt% C). Recoveries are based on metal 
being pure lead.
Test # TS1 TS2 TS3 TS4 TS5
Recovery
(%)
70.34 74.07 72.34 70.90 72.59
Charge Wt
(g)
4.31 1.85 2.77 3 .44 3 . 58
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Figure 5-5 Photograph of crucible showing lead globules
that were carried over in the slag and lodged on 
the crucible lip during smelting.
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Lead loss due to entrapment of metal as lead beads carried 
over in the slag as a result of the interfacial tension 
between the slag and the crucibles is due to the crucible 
being too small. However, the sulphide losses are probably 
due to the system being too reducing, causing the PbS to be 
stable rather than metal or oxide. This problem can be 
minimized by introducing oxidizing conditions in the slag by 
forms other than oxygen gas, which, as pointed out 
previously, tends to stabilize the sulphate instead of 
metal. Metal in the charge, particularly with small amounts 
of oxide seems to have a beneficial effect. This is 
probably why in the direct smelting of fume, done in Zambia 
(Section 4.1.4), where zinc oxide was present, good 
recoveries were obtained. Both ZnO and zinc gas would aid 
the extraction.
Recoveries for Variable Reaction-Time Tests; These tests, 
described in Sections 4.2.8, were done to verify whether 
shorter duration runs would improve lead recoveries by 
minimizing vapour losses. The charges were reacted for 15 
and 3 0 minutes after the test temperature of 900°C was 
reached. The lead recoveries were approximately 60% 
compared to 70% in the previous runs. It is interesting to 
note that there was no slag displacement out of the crucible
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in the 15 minute runs. This observation may support the 
explanation regarding the interfacial tension effect 
presented earlier. The results are given in Table 5-7. The 
tests provided evidence of incomplete reaction by trapped 
gas bubbles in the slag. Metal entrapped in slag was high, 
indicating that the time allowed was not enough for 
coalescence to occur. Figure 5-6 is an SEM photomicrograph 
of the ground slag sample containing small lead beads which 
were flattened during grinding with a mortar and pestle when 
the sample was prepared for analysis. The electron 
diffraction spectrum of one of the pieces in the slag is 
shown in Figure 5-7. The spectrum is affected by 
interference from the slag. The slag recovered in these 
tests constituted a larger percent of the charge than for 
the longer duration tests. The higher slag masses imply 
higher loss to slag.
Recoveries for Tests with Lead Metal in the Charge: In
these tests, lead was included as part of feed charge to 
determine if the recoveries could be improved as had been 
accomplished in the tests in Zambia. The details have 
already been provided in section 4.2.8. The metal 
apparently aids in metal recovery by stabilizing the lesser 
volatile slag constituents; PbO and tetra-basic sulphate,
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Table 5-7 Recoveries for tests of short duration.
Recoveries based on metal being pure lead.













S -K 15.99 
PB-M 69.09
Figure 5-7 SEM electron diffraction spectrum of one of the 
metal pieces. The scan was for the "large” 
piece in Figure 5-6. There is interference from 
the slag (contains Na & S) smeared on the metal 
piece.
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instead of the more volatile matte forming PbS, during the 
decomposition of PbS04. The results are given in Table 5-8 
for three different tests. The recoveries were the same as 
for the tests where metal had not been included. A possible 
explanation for this result may be due to the inert 
atmosphere preventing the necessary oxidation of the metal.
A suitably oxidizing environment may make the metal more 
effective as in the tests done on leach residue in Zambia 
(Section 5.1.4).
Elucidation tests: Several tests were conducted in attempts
to elucidate some of the observed behaviour of the system. 
The results obtained are briefly reviewed below.
1. A test was conducted where the flow rate of argon was
doubled, in order to determine whether the reaction was 
thermodynamically or kinetically controlled. The 
elapsed time for the C02 in the effluent to decrease 
below the detection limit did not change significantly, 
but the concentrations detected were approximately half 
that in the tests with the lower flow rate. Thus, the 
cumulative C02 evolved, which is an indication of the 
conversion in the system, was not affected by the 
change in flow rate. This shows that the reaction
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PbCl 15 C02 ND* 
(81 min)
71.75
PbC2 15 15 min at 
900°C
61.56
PbC3 30 3 0 min at 
900°C
59. 6
* ND —  Not Detected
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under these conditions is probably kinetically 
controlled. The lead recovery was 71.0%.
2. Two test were conducted where the amounts of soda ash 
and carbon were doubled, relative to lead sulphate.
The stoichiometry was in accordance with Egan's 
Reaction 5.8. Details of the test have been provided 
in Section 4.2.8. The charges were held for 1 hour at 
900°C. The gas evolved increased, and so did metal 
entrapped in the slag which was ejected from the 
crucible. The recoveries were not as high as in the 
earlier runs: 63.6% in one and 64.2% in the other. The 
higher rate of gas (CO) in the small crucible may have 
diminished the gas contact with the slag.
3. One test was conducted at 800°C to observe the effect 
of reduced temperature. The charge partially fused, 
and gas evolution was low, indicating a reduced 
reaction rate. The recovery was only 49 %. It 
appeared that the slag trapped more metal (based on 
visual observation) than for the tests done at 900°C, 
indicating that the temperature was too low for proper 
lead "precipitate" coalescence.
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5.2.5 Mass Balance Closures:
Mass accounting was performed for most of the tests 
conducted. This involved evaluating the mass of reaction 
product gas rejected to the effluent gas stream. The 
product gas detection limit was generally about 0.01%. The 
masses of the charge before and after the test were 
determined. Further elucidation was achieved by conducting 
a test where the mass deposited on the reaction tube and 
probe walls was measured. This was applied as a normalized 
correction to each test. The closures obtained for five 
replicate tests, for which the charge mass were as are 
presented in Table 5-9. The test with the highest mass 
debit had the smallest charge mass.
5.2.6 Lead Loss as Condensed Lead Sulfide Whiskers:
It was discovered that grey crystals had deposited onto 
the cooler sections of the reactor tube wall during 
smelting. The mass of whiskers increased with increase in 
the run duration. Some of the whiskers had a lead sphere 
located at their tips. Analysis of the system revealed the 
possibility of the reaction indicated below:
PbS + 2 CO2(g) — Pk© + S02(g) + 2 C0W (5.15)
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At the temperature estimated for the region where the 
whiskers were deposited, it was found that the predicted 
equilibrium partial pressures of S02 and CO were relatively 
small for the range of percent C02 which were measured in 
the effluent gases. The predicted values, based on 
chemical-equilibrium considerations, are listed in Table 5- 
10. The levels of CO and S02 predicted are above the 
detection limits, but nevertheless they were not detected. 
Thus, the reaction is most probably mass-transfer 
controlled. Willis (5), however, has shown that oxidation 
by of PbS by C02 is thermodynamically unfavourable.
The other possibility for the lead formation may be 
attributed to the presence of sodium vapour in the gas. 
However, this contention cannot be substantiated because of 
the high reactivity of sodium for the sulphur bearing 
species present in the slag. Furthermore, there was no 
evidence of Na2S (cf reaction 5.12) as a reaction product in 
the vicinity of the lead. Figure 5-8 are photomicrographs 
of the whiskers showing the lead on the tips.
5.3 Summary of Results
The results indicate that in the carbothermic reduction 
of lead sulphate with sodium carbonate flux, sodium is 
transferred to the slag via sodium vapour produced by the
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Table 5-9 Mass accounts for a set of replicate tests





Mass accounts: % of original mass
Credit Debit
PbCl 4.11 97. 66 2.34
TS2 1.87 84 14
TS3 2.77 94.9 5.1
TS5 3.58 95.81 4.19














Predicted equilibrium composition in the 
reactor for the region (3" downstream from the 
crucible) where the PbS whiskers were 
depositing (900°C, P^ = 661 mm Hg)













Figure 5-8 Photomicrographs showing whiskers with lead 
at the tips
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carbothermic decomposition of soda ash. The PbS generated 
by the decomposition of lead sulphate at high temperature 
and in a reducing atmosphere, is converted to metal by 
sodium vapour (and C02) , ultimately forming the molten Na-S- 
0 slag system. The recoveries are reproducible but did not 
exceed 74%. The mass balances are considered satisfactory 
in view of the small scale of the reactor system. Pickles 
and fellow workers(10) recently conducted an investigation 
on smelting battery wrecker material and pure lead-sulphate 
(used as a control), with soda ash and carbon. The results 
they obtained shed further light on the work presented here, 
and are briefly appraised in Appendix A2.
5.4 Comments on Some Aspects of the Investigation 
Conducted in Zambia
Two of the questions arising from this investigation were:
what is the mechanism by which lead in the charge improves
the recoveries, and how can matte formation be reduced.
The role of the metal may be in its ability to decompose the
sulphate, thus stabilizing the tetra and dibasic sulphates
and lead oxide rather than lead sulphide. These are more
readily converted to metal in the presence of carbon and are
less volatile than the sulphide.
Matte is primarily lead sulphide. The PbO and the basic
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sulphates will normally be incorporated into the slag. 
Therefore once the formation of sulphide is suppressed by 
its conversion to more oxidized lead species, matte 
formation would consequently be minimized. Conditions which 
favour PbS formation are normally high sulphur potential, 
which is usually associated with highly reducing conditions 
and high temperatures. Therefore by controlling conditions 
such that PbS formation is minimized, may lead to higher 
lead recoveries. This perhaps can be achieved by bleeding 




This chapter is divided in two sections. The first is 
a discussion and summary of the results obtained, the second 
gives suggestions for further work.
6 .1 Discussion and Summary of Results
The objective of this research was to provide a basis 
for understanding certain features concerning the 
carbothermic reduction of lead sulphate to produce metal. 
Although in the smelt tests conducted at CSM, recoveries 
over 80% were not realized (highest recovery obtained was 
74%). Important contributions were made in regard to the 
mechanism by which soda ash is incorporated into the slag. 
Above all, the most important achievement is felt to be the 
overall information-base developed which can now be 
effectively used to tackle the extraction problem, be it 
focused in further laboratory tests or in developing a 
tractable and reliable flowsheet for implementation in the 
plant.
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6.1.1 Testwork Conducted in Zambia:
I) The results indicate that lead can be extracted from 
Waelz fume containing about 65% PbS04, and 35% ZnO by direct 
smelting with soda ash and carbon at 1100°C, where 
recoveries of over 81 to 92% were achieved. This however 
fixes the zinc in the slag in a form which is not easily 
recoverable.
II) In order to facilitate the recovery of the zinc, the 
fume should first be leached in dilute acid, to produce a 
lead sulphate residue that is of acceptable purity. 
Recoveries of 80 to 86% were achieved in the laboratory 
tests, by smelting the leach residue with carbon and soda 
ash according to the stoichiometry of Egan's reaction, and 
when lead metal was incorporated into the charge. At the 
time the research was conducted, the possible mechanisms 
which enhanced the extraction, could not be postulated. 
However, the present research work, both the literature 
survey and tests have provided insight into this aspect.
One mechanism can be attributed to lead metal serving as an 
initiation reactant which stabilizes lead oxide and the 
basic sulphates (rather than lead sulphide) at temperatures 
lower than the ultimate operating temperature. These phases 
can be more readily converted to lead than the sulphide.
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Matte formation, which constitutes a major mechanism that is 
responsible for lead redistribution (loss), can be further 
minimized by using minimum reducing conditions.
6.1.2 Results of Research Conducted at CSM:
The primary purpose of the present research was to 
provide knowledge base which could be used to provide an 
understanding of some of the practical and theoretical 
aspects related to the carbothermic reduction of lead 
sulphate. Thus, elucidation of some of the features of the
testwork done in Zambia could be attempted. A summary of
these efforts is listed below:
I) The literature survey revealed that lead extraction 
from sulphate is complicated by the nature of the system Pb- 
S-0. At "normal" operating temperatures and pressures, the 
sulphate and sulphide are more stable products than the 
metal. There was no direct information found on the role of 
metals on improving the extraction of lead in this system.
II) Equilibrium reactor modeling of the hypothetical 
reduction of lead sulphate by carbon indicated that 
pressures greater than 2 0 atmospheres would be necessary to 
precipitate metal in the range 800 to 1200°K. This is
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clearly impractical and this reaction route is intractable.
Ill) Several related tests were conducted at 900°C in an 
inert atmosphere; nitrogen initially and later argon. These 
tests are summarized below:
a) Sodium carbonate mixed with 20% stoichiometric 
excess carbon when heated at 900°C produced a black 
residue containing residual carbonate and probably 
carbon which could not be discriminated by X-ray 
diffraction and what appeared to be a sodium carbide 
compound. The following reaction appeared to be 
satisfactory in describing the primary chemical 
conversion:
Na2C03(s) + C(8) = 2 Na^ + 3 CO^ (6.1)
This reaction, of course, does not address the solid 
solution product which was formed at this temperature. 
It, however, does provide insight into the mechanism by 
which sulphur is fixed in the slag formed during 
melting of lead sulphate.
b) When lead sulphate was smelted, with lead metal, 
lead oxide and basic sulphates with residual lead metal
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wer produced. This suggests that under suitable 
conditions, lead metal may be capable of promoting the 
formation of lead monoxide and the basic lead-sulphates 
during sulphate decomposition as early intermediate 
reactants in the system.
III) Tests conducted with pellets of PbS04, Na2C03 and carbon
(and in a few instance lead metal as well) did not produce
lead recoveries greater than 74%. The failure to achieve 
higher recoveries was attributed to the use of incorrect 
amounts of carbon for the prevailing atmosphere and even 
more probable, to the effect of the crucible which was too 
small to contain the charge after a certain time, during 
smelting, had elapsed.
IV) Attempts were made to explain the role of metal in the 
extraction and the importance of the use of the right amount 
of reductant.
6 .2 Suggestions for Further Work
1. It is apparent that the role of lead metal in the
charge is still ambiguous. Although several possible 
mechanism have been postulated, elucidation is still 
needed. In particular, the role of compaction
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(pelletization) of the charge.
2. Modeling of these systems, both equilibrium and
kinetic, require activity data for the Pb-S-0 system. 
Measurements in this system are lacking. Stability 
diagrams which include, in addition to lead, sodium, 
can also provide a worthy contribution to this area.
3. The behaviour of the carbothermic reduction of soda
ash, independent of its role in the melting of lead
sulphate, is another topic which should also receive 
further attention. The formation of a solid solution 
is a feature which does not appear to have been 
recognized in this carbonate system.
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The temperature profile within the alumina reactor tube 
was monitored by placing a thermocouple(type K) in the 
position where the gas sample probe would normally be 
located. An empty crucible was placed in the reactor tube 
at the usual mid-section location, and purge gas was allowed 
to flow at the usual rate employed in the smelting tests.
It was independently determined, by placing the tip of this 
thermocouple in contact with the temperature control 
thermocouple, so that the respective readouts agreed to 5 C. 
The set point on the temperature controller was set at 
900°C, and with the system at ambient temperature the 
control system was activated. In addition to the 
temperature indicated by the thermocouple within the alumina 
tube, the temperature displayed by the temperature 
controller was also recorded. after the set point 
temperature has been attained, the system was allowed to 
remain in this condition for one hour. Temperatures at 
specific locations along then axis of the tube were then 
measured.
The transient behaviour recorded is displayed in Table
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Al and illustrated as a plot in Figure Al-1. The dotted line 
represents the situation which would have occurred if the 
two temperatures had been identical. It is seen that the 
temperature in the reactor lags the temperature indicated by 
the control thermocouple for temperatures up to 
approximately 600°. At the higher temperatures the reactor 
temperature is higher than the temperature indicated by the 
control thermocouple. In particular the temperature in the 
reactor when the control set point temperatures of 900°C is 
reached, is 951°C.
The temperature at the mid section of the reactor tube 
where the crucible is located was unchanged after 1 hour had 
elapsed with the temperature controller maintaining the 
control thermocouple at the set point of 900°C. The axial 
temperature profile in the reactor for this steady condition 
is recorded in Table Al-2 and the data are plotted in 
Figure Al-2. The temperature within an inch of the 
crucible is decreased from 951°C to 945°C. In addition, the 
temperature, where the PbS whiskers had deposited was 900°C.
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Table Al-1 : Reactor temperature versus controller-
temperature; indicated —  for transient 
behaviour. Set point 900°C.
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Controller TC (°C)
Figure Al-1 Reactor temperature as a function of
temperature indicated by controller TC. 
Controller set point: 900°C
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Table Al-2 : Reactor temperature measured at the points
shown under steady control conditions of 
9 0 0°C.
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Distance from Crucible (in)
Figure Al-2 Temperature profile along axis of alumina 
reactor tube. Crucible located at 
approximately mid-section of tube.
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APPENDIX A2
Investigation on Smelting Lead Sulphate Conducted bv Pickles 
et al.
The work was reported in 1989 (10), and bears some 
similarity to the research conducted for this thesis. They 
smelted sieved battery wrecker-material, and for comparison 
also smelted pure lead sulphate. The primary objective was 
to determine the level of sulphur dioxide emissions when 
wrecker material is smelted with sodium carbonate and 
carbon.
The investigation appears to have been a continuation 
of work started by Arai and Toguri (), who demonstrated that 
"the sulphur in lead sulphate could be fixed as sodium 
sulphate" during leaching with a sodium carbonate solution. 
The reaction cited was:
PbS04oo + Na2C03(aq) = PkC03(s) + Na2S04(aq) (A2 .1)
In the publication (10) it is inducted that "it should be 
possible to perform this exchange reaction during 
pelletizing of sodium carbonate and battery residue" (or 
pure lead sulphate). Thus, it is reported that lead
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sulphate (1840g) and sodium carbonate (700g) were mixed in a 
rotating drum. It was reported that the relative masses 
were such that the sodium carbonate represented an 11% 
excess with respect to Reaction (A2.1). However, based on 
the masses reported, the excess is closer to 8%. This 
mixture was pelletized (in the rotating drum) "with moisture 
additions and the pellets were air dried". For the actual 
smelting tests, one-gram portion of a crushed pellet was 
mixed with a selected amount of charcoal reductant and 
"placed in a refractory crucible with a porous lid". 
Apparently the mixture was placed in the crucible without 
being agglomerated (pelletized). Argon was passed over the 
crucible contained in a refractory tube and the effluent gas 
analyzed for sulphur dioxide by a Leco 532-000 automatic 
titrator (no other species was analyzed). " The lead
present in the smelted product was quantitatively 
determined". It is not stated whether a lead button was 
recovered or how the quantitative determination for lead was 
conducted.
The test duration was 6 hours. A "typical" curve, 
taken from the publication, is shown in Figure 3-6. For the 
run shown (conducted at target temperature of 950°C) it is 
seen that the sulphur emissions started to increase 
significantly, above 100°C. Once the target temperature was
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reached the behavior appears to be linearly dependent on 
time. The continuous evolution of sulphur (S02) is most 
liked due to decomposition of sulphur bearing species in the 
slag in the presence of excess carbon. It was subsequently 
determined that the optimum temperature was approximately 
900°C. Tests were then performed to determine the effect of 
the amount of carbon added to the charge. The recoveries of 
lead achieved in 6 hours runs for several different mass 
additions of carbon (added to the lgm portion of crushed 
pellet) are shown in Figure A2-1. In reference to this 
figure it is stated that : "For pure lead sulphate the lead 
recovery first increased with (increase in) charcoal 
(addition) and then decreased above the stoichiometric 
requirement". On the basis of this, and the other 
information supplied regarding the 11% excess of sodium 
carbonate used to prepare the primary pellets, it appears 
that "stoichiometric requirement" refers to one mole of 
carbon for each mole of lead sulphate. This corresponds to 
a 0.028g carbon (charcoal) addition. Also, it appears that 
the upper limit of charcoal addition corresponded to one and 
a half times (0.042g) the stoichiometric requirement. The 
lead recoveries achieved, for six hour runs and with 0.042g 
charcoal addition, are shown in Figure A2-2. The behavior 
exhibited in this figure had been used to select optimum
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temperature of 900°C. It is noted that at 950°C the recovery 
was slightly higher than 70%. It is recalled that in the 
research conducted for this thesis, one and a half moles of 
carbon were used for each mole of lead sulphate present in 
the charge —  this was based on Reaction 4-1 taken from 
Egun's work (3). Furthermore, based on the temperature 
profile measurements which were conducted and reported in 
appendix Al, it is apparent that the crucible may have 
attained temperatures closer to 950°C. Consequently, the 
recoveries achieved in the present study are, in fact, in 
good agreement with the work of these investigators. At the 
same time, it is clear that had smaller carbon additions 
been used in the present work, higher recoveries might have 
been obtained. The low sulphur emission observed is also 
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Figure A2-1 The effect of charcoal additions on the
recovery of lead from battery residue and 
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Figure A2-2 The effect of smelting temperature on the 
recovery of lead from battery residue and 
lead sulphate (Ref. 10).
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APPENDIX A3




130 PRINT"ENTER THE SYSTEM TOTAL PRESSURE"
140 INPUT Ptot
150 PRINT " ENTER TEMPERATURE cHC "
160 INPUT TMP
170 IF TMP >1173 THEN 340
180 IF TMP <1173 THEN 340
190 K(2) = 1.067842 \ REM K FOR Pb<g> = Pb<l>
200 K(3) = 1.007778 \ REM 1C FOR PbO<l> = PbO<g>
210 M = 9
220 <(4) = .4146306
230 IC(5) = 1
240 PRINT"ENTER MOLE FRACTION OF PbS04 IN INLET"
250 INPUT Y1
260 REM
270 PRINT " MOLE FRACTION C IN INLET "
280 INPUT Y2
290 STR = Y2/Y1
300 PRINT " RATIO RELATIVE TO STOICHIOMETRIC IS ";STR
310 PRINT " PRESS ENTER TO CONTINUE "
320 AS = INKEY$(OX,UAIT)
330 GOTO 500
340 PRINT \ PRINT \ PRINT
350 REM
360 PRINT " PLEASE ENTER K2 TO KS IN THAT ORDER "
370 PRINT " ENTER K FOR 2S02 ♦ 2C<s> = S2<g> ♦ 2C02<g> "
380 PRINT \ PRINT \ PRINT
390 INPUT K(2)
400 PRINT " ENTER THE K FOR Ptxg> = Ptxl>"
410 PRINT \ PRINT \ PRINT
420 INPUT K<3)
430 PRINT ENTER K FOR Pb<g> ♦ 1/2S<g> = PbS<g> "
440 PRINT \ PRINT \ PRINT
450 INPUT K<4)
460 PRINT « ENTER 1C FOR CO<g> ♦ 1/2S2<g> = COS<g> "
470 INPUT K(5)
480 REM END OF DATA INPUT SECTION
490 GOTO 210
500 FOR I = 1 TO M-2
510 U(I) = 1/(M-2)
520 Y(I) = U(I>
530 NEXT I
540 FOR I = M - 1 TO M
550 U(I) = 1
560 NEXT I
570 X1 = 1
580 A1 = U(M-1)
590 A3 = U(M)
600 MAT C=ZER(M,M)
610 MAT E=ZER(M,M)










710 FOR I = 1 TO 7
720 W(I) = Y(I)/(Y(1)*Y(2)+Y(3)+Y(4)+Y(5) ♦ Y(6) ♦ Y(7)>
730 C(1,I) = W(I)
740 NEXT I
750 S1 = (Y(5) ♦ Y(6)) ♦ A3*X1 
760 REM
770 W(8) = Y(5)/S1
780 W(9) = Y(6)/S1
790 W(10) = A3*X1/S1
800 F=F*1
810 PRINT" THIS IS ITERATION No ";F 
820 C(2,5) = W(8)
830 C(2,6) = U(9)
840 C(2,9) = W(10)
850 C(2,8) = W(8) ♦ W(9)
860 S2 = (2*Y(3) ♦ Y(4) ♦ Y(5) ♦ Y(7)>
870 W(11) = 2*Y(3)/S2
880 U(12) = Y(4)/S2
890 W(13) = Y(5)/S2
900 W(14) = Y(7)/S2
910 C(3,3) = W(11)
920 C(3,4) = W(12)
930 C(3,5) = W(13)
940 C(3,7) = W( 14)
950 S3 = (2*Y(1) ♦ Y(2) ♦ 2*Y(4) ♦ Y(7))
960 W(15) * 2*Y(1)/S3
970 W(16) = Y(2)/S3
980 W(17) = 2*Y(4)/S3
990 W(18) = Y(7)/S3
1000 C(4,1) = W(15) \ C(4,2) = U(16) \ C(4,4) = W(17) \ C(4,7) = W(18)
1010 S4 = ( Y(1) ♦ Y<2) ♦ Y(7))
1020 U(19) = Y<1)/S4
1030 W(20) * YC2)/S4
1040 U(21) * Y(7)/S4
1050 C(5,1) = W<19) \ C<5,2) = W(20) \ C(5,7) = U(21)
1060 REH THE 0 ELEMENTS ARE GIVEN NEXT
1070 0(1,1) * W(1)*LOG(W(1)) ♦ U(3)*LOG(W(3)) ♦ U(4)*LOG(W(4)) ♦ W(5)*L0G(W(5))
1075 0(1,1) = 0(1,1) ♦ U(6)*LOG(W(6)) ♦ W(7)*LOG(U(7)) ♦ W(2)*LOG(W(2))
1080 0(2,1) = W(8)*LOG(W(8)) ♦ W(9)*LOG(U(9)) ♦ W(10)*LOG(W(10)) ♦ L0G(Y1)
1090 D(3,1) * LOG(Y1) ♦ W(11)*LOG(W(11)) ♦ U(12)*LOG(W(12)) ♦ W(13)*LOG(W(13))
1095 0(3,1) = 0(3,1) ♦ U(14)*LOG(4(14)) - U(11)*LOG(2)
1100 0(4,1) = LOG(4) ♦ LOG(Y1) ♦ W(15)*LOG(W(15)) ♦ U(16)*L0G(U(16))
1105 0(4,1) « 0(4,1) ♦ W(17)*LOG(W(17)) ♦ W(18)*I0G(W(18)) - (W(15) ♦ W(17))*LOG(2)
1110 0(5,1) = LOG(Y2) ♦ U(19)*LOG(W(19)) ♦ W(20)*LOG(W(20)) ♦ W(21)*LOG(U(21))
1120 0(6,1) = Log(Ptot) - Log(X(2))
1130 0(7,1) = Log(Ptot) - Log(K(3))
1140 0(8,1) = .5*Log(Ptot) ♦ Log(K(4))
1150 0(9,1) = .5*Log(Ptot) ♦ Log(K(5))
1160 MAT E=INV(C)
1170 MAT Z=E*D 
1180 X=0
1190 FOR 1=1 TO M 
1200 PRINT Z(I,1)
1210 IF Z(I,1) > -50 THEN 1240 
1220 Z(I,1) = -50
1230 GOTO 1260
1240 IF Z(I,1) < 35 THEN 1260 











































IF A8S((V(I)-U(I))/(V(I)))<1E-03 THEN 1320 
K=K+1
IF I > (M-2) THEN 1350 
Y(I) = VC I) \ U(I) = V(I)
GOTO 1370 
REM 
UCI) = VC I)
NEXT I 
N=N+1
IF K=0 THEN 1480 
IF N > 30 THEN 1450 




OPEN “PBS7H FOR OUTPUT AS #6 
PRINT #6 \ PRINT #6,"
PRINT " DID NOT CONVERGE
DID NOT CONVERGE
PRINT #6, \
OPEN " PBS7 




FOR OUTPUT AS #6
GOTO 1490
RESULTS
\ PRINT \ PRINT \ PRINT
PRINT #6, " NO OF ITERATIONS USED =",*N










PRINT 06, " MOLE FRACTION PbS04 =M;Y1 \ PRINT #6,
PRINT “ MOLE FRACTIONS^ PbS04 = M;Y1 \ PRINT 
PRINT 06, " MOLE FRACTION C =“;Y2 \ PRINT 06,
PRINT " MOLE FRACTION C * M;Y2 \ PRINT
PRINT #6," FEED RATIO RELATIVE TO THE STOICHIOMETRIC REQUIREMENT = “;STR
SYSTEM TOTAL PRESSURE IS M;Ptot 
SYSTEM TOTAL PRESSURE IS '';Ptot 
PRINT 06, \ PRINT #6,
MATERIAL INPUT "
MATERIAL INPUT "
PRINT " FEED RATIO RELATIVE TO STOICHIOMETRIC STR \ PRINT
1650 PRINT 06, \ PRINT #6,
1660 PRINT #6," FLOWS OUT OF THE SYSTEM : •' \ PRINT #6, \ PRINT #6
1670 PRINT
1680 PRINT •• FLOWS OUT OF THE SYSTEM M \ PRINT
1690 PRINT #6," MOLE FRACTION IN OUTLET GAS : " \ PRINT 06,
1700 PRINT M MOLE FRACTIONS IN OUTLET GAS " \ PRINT \ PRINT
1710 PRINT #6, M C02 : ";Y(1) \ PRINT 06,
1720 PRINT " C02 : ” ;Y(1) \ PRINT
1730 PRINT #6, " CO *«;YC2> \ PRINT 06,
1740 PRINT « CO : M ;Y(2) \ PRINT
1750 PRINT #6, « S2 : ";Y(3) \ PRINT #6,
1760 PRINT * S2 : " ;Y(3) \ PRINT
1770 PRINT #6, “ S02 : Y(4) \ PRINT 06,
1780 PRINT » S02 : M ;Y(4) \ PRINT
1790 PRINT #6," PbS(g) : “;Y(5) \ PRINT 06,
1800 PRINT « PbS<g> : " ;Y(5) \ PRINT
1810 PRINT #6,** Pb(g) : M;Y(6) \PRINT 06,
1820 PRINT “ Ptxg> : " ;Y(6) \ PRINT
1830 PRINT #6,“ COS(g) : M;Y(7) \ PRINT #6, \































































PRINT #6," MOLES LIQUID LEAD OUT 
PRINT
PRINT •* MOLES LIQUID LEAD OUT







PRINT " LIQ LEAD 
PRINT #6,"





GAS OUT/SOLIDS IN 
GAS OUT / SOLIDS IN
" \ PRINT
(A1) = ";U(M-1) \ PRINT 06,
(A1) ";U(M-1> \ PRINT
LIQUID LEAD OUT/SOLIDS IN (A2) = ";U(M)*U(M-1)
OUT / SOLIDS IN (A2) ";U(M) \ PRINT \ PRINT
CHECK OF SYSTEM EQUATIONS " \ PRINT 06,
" \ PRINT \ PRINT
\ PRINT 06,
PRINT " CHECK OF SYSTEM EQUATIONS 
CH1 = Y(3)*Y(1)‘2*Ptot/Y(4)*2 
PRINT 06," K2 CALCULATED FROM EQUILL CONDITIONS =";CH1 \ PRINT 06,
PRINT " K2 CALC. FROM EQUILL. CONDITIONS ";CH1 \ PRINT
PRINT 06," K2 CALCULATED FROM FREE ENERGY DATA =";K(2) \ PRINT 06, 
PRINT " K2 CALC. FROM FREE ENERGY DATA ";K(2) \ PRINT
CH2 = Y(6) * Ptot \ REM K3 AT EQUILL
CH3 = Y(5)/(Y(3)'.5*Y(6)*Ptot',5)
PRINT
CH4 = Y(7)/(Y(3)*.5*Y(2)#PtOt*.5) \ REM K5 FROM EQUILL. CALC.
PRINT #6," K3 CALCULATED FROM EQUILL CONDITIONS =";CH2 \ PRINT 06,
PRINT " K3 CALC FROM EQUILL CONDITIONS " ; CH2 \ PRINT 
PRINT #6," K3 CALCULATED FROM FREE ENERGY DATA =";K(3) \ PRINT 06,
PRINT " K3 CALC FROM FREE ENERGY DATA " ; K(3) \
PRINT #6," K4 CALCULATED FORM EQUILL. CONDITIONS =
PRINT #6," K4 CALCULATED FROM FREE ENERGY DATA =
PRINT #6," K5 CALCULATED FROM EQUILL. CONDITIONS =
PRINT #6," K5 CALCULATED FROM FREE ENERGY DATA =
PRINT " K5 CALC FROM FREE ENERGY OATA " ; K(5) \
PRINT " K5 CALC FROM FREE ENERGY DATA " ; K(5) \
T4 * Y(1) ♦ Y(2) +Y(3> ♦ Y(4) «■ Y(5) ♦ Y(6) ♦ Y(7)
PRINT
PRINT #6," SUM OF GAS PHASE MOLE FRACTIONS =";T4 \ PRINT #6,
PRINT" SUM OF GAS PHASE MOLE FRACTIONS * ";T4 \ PRINT













57 * A1*(2*Y(1) ♦ Y(2) ♦ 2*Y<4) ♦ Y(7)> - 4*Y1
58 * A1*(2*Y(3) ♦ Y(4) ♦ Y(5) ♦ Y<7)) - Y1 \
S9 « A1*(Y(5) ♦ Y(6)) ♦ A1*A3*X1 - Y1 \ REM
LEAD BALANCE = ";S9 \
LEAD BALANCE * ";S9
CARBON BALANCE = H;S6 \ 
CARBON BALANCE - ";S6
SULFUR BALANCE = ";S8 
SULFUR BALANCE = ";S8
OXYGEN BALANCE = ";S7
OXYGEN BALANCE = ";S7












FI = A1*A3/(A1*(Y(5) ♦ Y(6)) ♦ A1*A3)
FI = FI*100 
PRINT
PRINT #6," LEAD DISTRIBUTIONS “





PRINT 06," DISTRIBUTION TO GAS = M ;Fg
\ REM OXYGEN BALANCE 














NO OF ITERATIONS USED = 5
SYSTEM TOTAL PRESSURE IS 20
MATERIAL INPUT
MOLE FRACTION PbS04 = .3 
MOLE FRACTION C = .7 
FEED RATIO RELATIVE TO THE STOICHIOMETRIC REQUIREMENT = 2.
FLOWS OUT OF THE SYSTEM :








MOLES LIQUID LEAD OUT : 1218612
MASS FLOW RATIOS :
GAS OUT/SOLIDS IN (Al) = .886884
LIOUID LEAD OUT/SOLIDS IN (A2) = .218607
CHECK OF SYSTEM EQUATIONS
K2 CALCULATED FROM EQUILL CONDITIONS = 1.06784\
K2 CALCULATED FROM FREE ENERGY DATA = 1.06784 
K3 CALCULATED FROM EQUILL CONDITIONS = 1.00778 
K3 CALCULATED FROM FREE ENERGY DATA = 1.00778
K4 CALCULATED FORM EQUILL. CONDITIONS = .414631
K4 CALCULATED FROM FREE ENERGY DATA = .414631
33333
T-3971 190
K5 CALCULATED FROM EQUILL. CONDITIONS = 1
K5 CALCULATED FROM FREE ENERGY DATA = 1
SUM OF GAS PHASE MOLE FRACTIONS = 1
LEAD BALANCE = -.275428E-01 
CARBON BALANCE = -.119209E-06 
SULFUR BALANCE = -.89407E-07 
OXYGEN BALANCE = -.596046E-06
LEAD DISTRIBUTIONS
DISTRIBUTION TO GAS = 19.7628
TO LIQUID LEAD = 80.2372
HYPOTHETICAL ACTIVITY OF CARBON : .418106E-01
T-3971 191
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